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Metal oxide carbon-based nanocomposites have gained tremendous consideration in
recent years due to the porous metal oxides with carbon structural and morphological tunability
for their use in wide areas of research, such as catalysis, energy storage, and theranostic
applications. These types of hybrid nanocomposites are advantageous as the metal oxides have a
high storage capacity for catalytic applications, and their toxicity could be considerably reduced
by carbon shell architectures to improve bioavailability. Cobalt oxide nanoparticles (CozO4 NPSs)
and carbon nanodots (CNDs) were chosen for this research to construct a hybrid core-shell
structure to achieve multifunctionalities by synergizing the spinel nature of the Coz04 NPs with
its mixed valence state and the porous CNDs. Specifically, this dissertation work is focused on
the evaluation of the synergistic properties of Coz304@CND hybrid NPs, for the photocatalytic
activity in the photodegradation of dye molecules (Chapter two), energy storage as
supercapacitor materials (Chapter three), and the delivery of small drugs to cancer cells for
theranostic study (Chapter four). In chapter one, a comprehensive review of the multifunctional
hybrid core-shell NPs with CozO4 NPs and CNDs with a brief literature knowledge on their
physicochemical, optoelectronic, and biological properties and their various applications was
provided. In Chapter two, the photocatalytic activity of the Cos04s@CND hybrid NPs was
investigated by evaluating the photodegradation of organic dye upon visible and UV lights,
respectively. The results indicated that the Coz04@CND hybrid NPs had higher efficiency and
kinetics in dye degradation than CosO4 NPs or CNDs. This high efficiency and kinetics were
explained by the heterojunction interfacial surface between the core CozO4 NPs and shell CNDs,

which improved the electron-hole pair separation and migration for the photocatalytic reactions.



In chapter three, the CosO4@CND hybrid NPs used in a supercapacitor electrode and evaluated
the energy storage by electrochemical means and compared to CozO4 NPs or CNDs. The cyclic
voltammetry experiments were performed to evaluate the capacitance performance of the
C0304@CNDs hybrid NPs as a supercapacitor with different binder solvents, including nafion,
polyvinyl difluoridine (PVDF), and polytetrafluoroethylene and activated carbons. The findings
of this thrust are that the capacitance with the PVDF binders and activated carbons of the
C0304@CNDs hybrid NPs showed better energy storage than other binders used. In chapter 4,
the use of CosO4s@CND hybrid NPs for imaging and specific targeting of cancer cells was
investigated. The multifunctional biological applications of the hybrid NPs in cellular imaging,
antioxidant effect in cells, and anticancer activity with or without conjugating small drug
molecules, including polymers (polyethylene glycol) and ligands (folic acid, heparin, and
transferrin) were evaluated, and proven. Improved anticancer efficacy and bioavailability of
C030:@CNDs were achieved through a receptor-ligand activation mechanism for specific
cancer cell targeting. Coz04@CND hybrid NPs-transferrin-DOX ligand complex demonstrated
specific anticancer activity of almost 50% for lung cancer cells without harming normal human
endothelial cells. The overall findings of this dissertation work presented advanced knowledge
associated with the structural properties of core-shell Coz0s@CND hybrid NPs, superior
performance in photocatalysis, energy storage, and cancer theranostic effects, and a fundamental

understanding of their reactions.
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CHAPTER I: INTRODUCTION

The tenability of using hybrid nanoparticles (NPs) using a single component have
significantly grown in recent decades with copious inquisitiveness for a variety of
multifunctional applications and understand their mechanism, interfacial properties, and
activities [1], [2]. Hybrid NPs are a mixture of two or more NPs with different properties
combined for a variety of functions, such as to increase the efficiency of one over the other or
combine significant advantageous properties in various materials to obtain a synergistic effect or
to decrease the adverse effects of one material and make it more compatible for multifunctional
applications [3]-[5]. Hybrid nanomaterials comprised of organic and/or inorganic nanostructures
with an interfacial region between core and shell for imparting more stability, are extensively
employed for numerous applications, such as catalysis, energy storage, and biomedicine for
cancer diagnosis and therapy [2], [6]-[8].

The intriguing heterogeneous chemistry behind the formation of these hybrid NPs with
physical interactions associated with van der waals and hydrogen bonding electrostatics or non-
covalent functionalization with electrostatics or n-n stacking chemistry at the interface of two or
more different materials leading to fascinating properties have made researchers inquisitively
approach for understanding their mechanism and applications in various fields [9], [10]. By
contemplating all these factors, innovating new nanomaterials for multifunctional applications
with a deeper understanding of their science would satisfy the necessity of expanding
irrepressible requirements in the world [11].

Diverse structures of hybrid nanoparticles, such as core-shell, heterodimer, dot-in-
nanotube, nano branches, etc., have been researched for multifunctional applications, such as

targeted drug delivery, development of delivery vehicles, environmental, and catalytic



applications [4], [12]. Amongst these different structures, core-shell hybrid NPs are more
advantageous with inner core and outer shell materials for exhibiting a surprisingly new property
not found in either the core or the shell components with a desirable morphology and tunable
pore size [8], [12]. Core-shell NPs possess immensely attractive imputable to their properties,
such as being vastly functional with modified properties, by coating with the shell materials to
improve biocompatibility, surface functionalization, reduce toxicity, enhance
photoluminescence, and increase the functionality, core stability, and dispersibility [13].

A vital factor to be considered while synthesizing these core-shell NPs for catalysis,
energy storage, and biomedical applications involves controlling the core size and shell thickness
with an efficient strategy in tailoring their properties [14]. Different synthesis techniques, such as
physical fabrication strategies, chemical polymerization, self-assembly, sol-gel methods, and
biosynthetic techniques, have been researched with a motivation to synthesize core-shell hybrid
nanomaterials with no aggregation in a simple manner and without using any organic solvents
for their use in biomedical applications [8], [12]. Considering these necessities in mind, a modest
new microwave-synthetic approach has been reported in various recent studies with several
advantages in synthesizing hybrid NPs rapidly with better control over their morphology,
without the organic capping agents to control the aggregation and only water-based in an energy-
efficient manner [15]-[17].

Selecting the core and shell materials primarily depends on the corresponding
applications of the NPs with a miscellany of chemical and biological attributes [12]. Carbon-
based materials, such as carbon nanodots that could be used as shell materials, are safer organic
materials with more advantageous biocompatible and easy-to-surface functionalize properties

[18]. Transition metal oxides are inexpensive, abundantly available, and reported for their



extensively high catalytic activity, energy storage, and environmental applications with few
biomedical uses for using them mainly as core materials [2], [15], [19], [20]. Carbon-based metal
oxide core-shell hybrid NPs include the coating of carbon layers on the metal oxide NPs to
improve the catalytic properties, biocompatibility, and nontoxicity [13], [21] in the field of
optoelectronics, sensing, catalysis, and electrochemical applications [22]-[25].

Cobalt oxide NPs (C0304 NPs) are a p-type transition metal oxide with two mixed
valence states, Co?* and Co®", due to the tetra- and octahedral sites present in its crystalline
structure [26]. Literature has been reported extensively for their use in combination with carbon
structures in the applications, such as energy storage, capacitors, rechargeable lithium-ion
batteries, and photocatalysts for the degradation of dyes and organic pollutants,[27]-[30] and as
biosensor, antimicrobial, antioxidant, and anticancer applications [26], [31]-[34]. CNDs are new,
quasi-spherical NPs, rich in functional groups, such as hydroxyl, carboxylate, and epoxy groups,
with excellent solubility and significant optical and quantum properties and are being extensively
studied as a photocatalytic material for dye degradation studies, biomedical applications, and
electrochemistry [18], [35], [36]. Because of their size of less than 10 nm (very small), they serve
as an excellent drug delivery vehicle with high fluorescence, biocompatibility, antioxidant, and
solubility and are safely used in many cancer diagnoses and therapy (theranostics) applications
[37]-[40]. With this extensive literature knowledge, the state-of-the-art advances of cobalt oxide-
carbon hybrid nanomaterials and their applications in different areas are discussed further in
detail in this introduction.

As a photocatalyst
Water pollution with organic synthetic dyes has been a serious global threat in recent

years due to the widespread industrialization to meet the demands of the rapidly expanding



population. Many attempts, such as physical, chemical, and biological methods, are being
researched and currently in use to degrade these organic dyes and organic pollutants, which are
highly toxic and cancerous to all the living species on the earth, including plants, aquatic species,
and animals [41]-[43]. Photocatalytic dye degradation reactions are one of the chemical
techniques which are significantly advantageous among the practically available methods as the
byproducts released yield non-toxic substances, such as carbon dioxide and water mostly,
whereas other processes, such as ozonation and fenton reactions, might not degrade the dye
properly and lead to hazardous byproducts [44], [45]. However, the efficiency of photocatalysts
primarily relies on prominent attributes, such as suitable band edge position, optimal band gap
energy, reduced charge recombination, enhanced charge separation, transfer, and surface-active
sites [46]. The unique physicochemical properties of nanomaterials, such as the high surface area
to volume ratio, high adsorption capacity, fast kinetics, and porosity, have led to extensive
research with increasing interest to solve the challenges with the current techniques, such as cost,
recyclability with efficient degradation kinetics, and efficiency [46]-[48].

Particularly, the metal oxide NPs are advantageous with high chemical stability,
continuous absorption bands with narrow and emissive spectra, and optimal bandgap for a high
generation of electron-hole pairs, which slow down their recombination rate and improve the
degradation kinetic rate and efficiency [49]. However, due to their narrow band gap, some metal
oxide NPs, such as titania, degrades only in the UV, which might be disadvantageous because
UV light are not abundantly available and needs a costly set-up for degrading dyes on a large
scale [50]. Amongst the metal oxide NPs, extensive research has been reported on copper oxide,
titanium dioxide, and zinc oxides as photocatalysts [49], [51], [52], whereas Co304 NPs are not

widely studied for dye degradation, although they were reported as fascinating catalysts in other



photocatalytic reactions and electrochemistry studies [30], [53]-[56]. CozO4 NPs are one of the
metal-oxide semiconductors with direct optical band gap values reported at 1.48 and 2.19 eV,
and some nanostructured CozO4 NPs with carbon combinations are reported in the applications,
such as photocatalytic reactions, including hydrogen production, wastewater splitting, water
oxidation, and gas sensors [27], [29], [53], [54], [57], [58] and dye, pharmaceuticals, and organic
pollutants degradations [28], [59]-[62]. CNDs are small-sized (<10 nm) semiconductors with
quantum confinement properties and a widened energy gap of up to 3.5 eV with an excellent
light-trapping ability for degrading dyes in the visible light region [35], [36], [63]. But carbon-
based NPs have some disadvantages, such as cost, commercialization, widened band gap, high
efficiency, and could not significantly degrade multiple pollutants at the same time [48]. Current
research works have gained much curiosity in achieving a widened absorption of dyes for the
photocatalytic degradation reactions from the UV to the visible region using hybrid NPs with
novel peculiar properties that are not present in their counterparts [49]. With this concept in
mind, the wide band gap of CNDs could be reduced by combining them with metal oxide NPs
possessing a narrow band gap in the form of hybrid NPs to increase the photocatalytic
degradation efficiency in UV as well as the visible region. Few literature studies were reported
using Coz04 and carbon nanomaterial hybrids as photocatalysts, such as EDTA-capped Co304
NPs [64], CosOs@mesoporous carbon spheres [29], and Coz04 NPs assembled coatings [65].
The study reported with Coz04 NPs assembled coatings possessed some drawbacks, such as
there was inefficient control of the size with low absorption in the visible region [65], and the
EDTA-capped Co304 NPs did not possess uniform morphology, and their synthesis was
complicated [64], whereas the study with CosOs@mesoporous carbon spheres produced a more

efficient catalyst for degrading dyes with simpler biological microwave method [29]. Although



some literature studies reported combinations of Coz0O4 with carbon nanomaterials, a core-shell
design of hybrid NPs with Co304 NPs and CNDs was not studied till now as a photocatalyst for
dye degradation reactions. A core-shell design with a porous matrix for NPs could be
advantageous because of their small size, high surface area to volume ratio, high porosity, and
adsorbent nature very essential for photocatalytic dye degradations [66]. Hence, based on the
efficient photocatalytic dye degradation results by Singh et al. [64] and Akshatha et al. [29], |
used Co304 NPs and CNDs and synthesized a novel core-shell synthesis in chapter Il and
evaluated their photocatalytic degradation efficiency, kinetics, and mechanism studies. While
studying photocatalytic dye degradation studies, some important factors affecting the dye
degradation reactions needed to be considered in mind, such as dye concentration, catalysts
dosage, irradiation light source used, and charge of the dyes [67], [68].
Electrochemical applications, such as Supercapacitors

With the well-defined literature studies about the Co304 NPs and CNDs, the C0304 NPs
were primarily used in combination with certain carbon-based materials in many electrochemical
applications as a supercapacitor. The spinel nature and mixed oxidation valence states of C0304
NPs (Co(ll) and Co(l1l)) due to the tetrahedral and octahedral sites in their crystalline structure
contributed majorly for the electrochemical studies. Carbon nanomaterials, such as CNDs and
graphene quantum dots were also extensively researched owing to their high inter-particle
conductivity, chemical stability, enhanced mass-transport efficiencies, and being earth-abundant
non-metal and have been reported as excellent conducting catalysts compared to the existing
platinum catalyst [69]-[71]. Carbon nano/quantum dots have also been reported as excellent
electron acceptors or donors due to quantum confinement properties due to a size of less than 10

nm[18]. The favorable charged sites created by the nitrogen functionalization on the carbon



surface could break the electro-neutrality present on the graphitic carbon framework, resulting in
increased catalytic activity compared to the GQDs without nitrogen [72]. Many reported
literature studies used Coz04 NPs in combination with carbon-based materials such as nanotubes,
nanofibers, etc., with excellent electrochemical properties such as supercapacitors [73]-[75].
These literature findings suggested a clearer idea that Coz04@CNDs hybrid NPs with core-shell
structure could be tested as supercapacitors. Hence, the objectives of this chapter 111 include
relating the catalytic properties of Co304@CNDs hybrid NPs for their applications as a
supercapacitor. Cyclic voltammetry was the primary tool used for conducting these
electrochemical studies for capacitance calculations. The findings in chapter 11l provided a
clearer understanding of the CozO4@CNDs hybrid NPs for their use in electrochemistry for
energy storage applications.
As a biological agent as an antioxidant, bioimaging, and effective specific anticancer
material
The Co304@CNDs were synthesized in consideration that they could be used for
biological applications and hence their core-shell size was well controlled using the microwave
technique so that their diameter was less than 50 nm, as discussed in Chapter Il. The maximum
average size of the Coz04@CNDs was only 20 nm, and the synthesis was also easier with a
microwave technique, without using any organic solvents such that there were not much toxic for
using them in the biological study and that they could easily cross the biological barriers and
reach the internal human tissues easily. The morphology was precise with carbon shells, with
excellent fluorescence, and hence could be easily functionalized to obtain a better targeting for
treating the cancer cells. However, there existed a question behind the optical properties of these

core-shell Coz04@CNDs hybrid NPs as it was better than the CNDs and Co304 NPs while



studying their properties in Chapter IV. Also, how it could be linked to the biological mechanism
of action in human normal and cancer cells needs to be understood for their use as a biological
agent. Hence, a detailed investigation of their optical and biological properties was studied and
explained in Chapter 1V, with their biocompatibility and anticancer activity improvement with
ligands and drug loading. Core-shell CosO4s@CNDs were widely studied in general for their
multifunctional biological properties, such as antioxidant, anticancer, and bioimaging agents in
cells and are more advantageous due to their multiple significant properties, such as better
optical properties including absorbance and fluorescence, faster pharmacokinetics, better
efficacy, and improved accumulation of drugs with their porous structure[14], [76]-[79].
Albanelly Soto-Quintero et al. used curcumin to promote the synthesis of silver NPs and their
self-Assembly with a thermo-responsive polymer in core-shell nanohybrids and proved their
synergistic antioxidant, and antimicrobial in one bioavailable hybrid system. Another study by
Mehdi Abedi et al. reported a core-shell imidazoline—functionalized mesoporous
silica superparamagnetic hybrid NPs as a potential theranostic agent for controlled delivery of
platinum (I1) compound and demonstrated its combined cancer chemotherapy and imaging.
With this extensive knowledge from the state of the art of the core-shell NPs for
biological applications, the increased fluorescence and better optical properties obtained while
studying the synthesized Cos04@CNDs properties in chapter 11 aroused a curiosity to explore
their use in biological applications. The better optical properties, such as enhanced absorbance
and fluorescence, and excitation-dependent emission of the CozO0s@CNDs, were expected due to
the oxygen and nitrogen defect states formed in the core-shell matrix and heterogeneous
interfacial layer according to our characterization results, which were not present in their

counterparts, CNDs, and Co304 NPs. The biological properties of Co304@CNDs were studied in



chapter 111, and their role as an antioxidant, bioimaging agent, a specific anticancer drug with
excellent targeting efficiency, and an effective vehicle for drug delivery was proved. CNDs are
widely researched and demonstrated for their biological properties, such as antioxidant,
bioimaging, and anticancer activities, due to their excellent fluorescent properties, in our group
by Ji et al. [39], [80], Zhang et al. [38], [81], and Arvapalli et al. [37], [82]. Co304 NPs are also
reported for antioxidant and anticancer properties [26], [32], [83] but are not widely studied
because of their inadequate optical properties and metal-oxide toxicity. Hence, by using this
ideal core-shell Co304@CNDs hybrid NPs, the toxicity of CosO4 NPs to normal human cells
could be significantly reduced because of the biocompatible carbon shell layers when used for
biological studies. Also, the anticancer activity of the CozO4 NPs was expected to combine with
that of the CNDs and produce a more significant efficiency in human cancer cells. But still, there
might be some toxicity due to the CozO4 NPs in these hybrid NPs towards the human cells,
which might be an adverse effect while using this conjugate.

The cancer cells in humans consist of overexpressed receptors, such as growth factors,
folate, and transferrin binding proteins on their surface, which could be combined with a specific
ligand [84]. This strategy used for anticancer therapy are called active targeting, such that the
NPs or drugs could be combined with ligands to specifically attack the overexpressed cancer
receptor surfaces and initiate a reaction leading to endocytosis or pinocytosis and then to cancer
cell death[85], [86]. An active targeting strategy for killing human cancer cells more effectively
and precisely using a ligand-receptor mechanism was reported to be a more efficient treatment
technique [87]. The idea of using ligands was proposed in this chapter to increase
biocompatibility to reduce the adverse side-effect, the toxicity due to the CozO4 NPs in the

Co304@CNDs and improve the anticancer specificity for lung cancer cells by active cancer



targeting mechanism. Also, these CosO4s@CNDs were loaded with an anticancer drug,
doxorubicin (DOX), to enhance their anticancer efficiency, and their characteristics as a drug
delivery vehicle were also proved. These compelling findings may pave a way for a clearer
understanding of the ligand-receptor mechanism and active targeting and provide an idea for
better biological properties using core-shell NPs.

In summary, this dissertation study involves synthesizing Coz04s@CNDs hybrid NPs with
a modest approach and exploring their physicochemical, optoelectronic, and biological properties
for multifunctional applications, such as photocatalyst, supercapacitors for energy storage, and
biological studies, such as antioxidant, bioimaging, and anti-cancer therapy. The overall goal of
this dissertation research was to provide a clearer understanding of the properties of the core-
shell Coz0s@CNDs hybrid NPs and study their mechanisms involved in the multiple application
studies, such as catalysis, energy storage, and biomedical areas. The photocatalytic and
biomedical applications investigatory analysis in this dissertation provided a deeper knowledge
about the use of these CosO4s@CNDs hybrid NPs to the thriving need of society with a vision to
serve as an essential tool in satisfying the critical water pollution crisis and specific, safer, and

targeted anticancer medicament, thereby catering to the expanding needs of the world.
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CHAPTER II: EVALUATION OF UV AND VISIBLE LIGHT RESPONSIVE COBALT

OXIDE CARBON Co0304@CND HYBRID NANOPARTICLES AS A PHOTOCATALYST

FOR DYE DEGRADATION

Introduction

Rapid industrialization in the evolving lives has become a reason for continuous
effluence due to the immediate release of synthetic dyes leading to arduous torments for human
health and changes in the ecosystems and the biosphere with a menace to the aquatic biota [88]
[89] [90]. Dyes are classified as cationic, for example, methylene blue (MB), and anionic, for
example, indigo carmine (IC), based on their chemical structure [91], [92]. Dyes are copiously
used in numerous applications, such as textiles, papers, pharmaceuticals, and cosmetics [91].
These dye substances are a significant reason for extensive environmental pollution because of
their widespread effluents. Many attempts, such as bio, chemical, and physical means of
treatment, have been accomplished to eliminate these dyes in the polluted water [90]. However,
these methods cause secondary hazardous pollutants as byproducts, which need to be purified by
degrading them further again [91]. Photocatalytic degradation as a chemical method involving a
heterogenous catalysis approach is advantageous over other methods. It has many benefits, such
as fast degradation at ambient temperatures with non-carcinogenic byproducts, including carbon
dioxide and water [91].

First-generation nanoparticle (NP) catalysts, such as TiO2 NPs, have a wide band gap
capable of working with ultraviolet (UV) light sources [93]. The solar light can also be used,
which consists of a 4% UV and 43% visible light range [93]. Transition metal oxide (TMO)

nanomaterials fall under the semiconductor nanomaterials, which possess significant photo-
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activity and are widely studied as photocatalysts [94]. The spinel oxide materials with narrow
bandgap, cost-effective NPs promise to overcome some challenges, such as difficulty in charge
separation and wider bandgap [93]. Metal oxide-mediated photocatalysis under UV and/or
visible light have shown to possess better stability and efficiency than metal-free photocatalysts
[94].

Hybrid nanocomposite photocatalysts play a significant role in pollutant removal with
improved efficacies by facilitating charge separation, reducing the photogenerated electron-hole
recombination pairing, and improving the overall photocatalytic activity [95]. The architectures
of hybrid nanocomposites can be designed as core-shell to achieve optimal photocatalytic
activity by tuning the heterojunction interfaces, which inhibits electron-hole recombination [89],
[94]. Among the reported hybrid nanocomposites, carbon nanocomposites have been recently
explored as one of the components to improve photocatalytic reactions by forming
heterojunction interfaces [94]. Interacting carbon with other semiconductors causes a change in
the intrinsic properties of semiconductor particles, such as band gap, charge carrier density, the
lifetime of charge separation, non-radiative paths, and surface properties [96]. Some examples of
carbon-based nanocomposites include graphene oxide (GO) or its reduced form (rGO), carbon
nanodots (CNDs), carbon quantum dots (CQDs), and carbon spheres that possess favorable
optoelectronic properties such as band structures, photosensitizing and inhibiting charge
recombination [94]. The use of carbon materials in the shell region is expected to facilitate
charge separation by lowering the electron-hole recombination rate during the catalytic process
[97]. This is because carbon-based materials could serve as electron donors and/or acceptors to
prolong the life of photogenerated electron-hole pairs [95], [96]. Here listed a few carbon-based

hybrid nanocomposites recently reported for dye degradation, including core-shell
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FesOs@carbon sphere tailored Coz0O4 nano chains, CuFe.0Os@g-C3Na4 core-shell photocatalyst,
3D core-shell-CQDs-AgsPOs-benzoxazine tetrapod’s composite system[94], zinc oxide@ GO
[98]. Moreover, porous structural layers on the surface of NPs offer excellent adsorption of dye
molecules [99].

Cobalt oxide (Cosz04) NPs are p-type semiconductor nanomaterials with Co®" and Co?*
vacancies. The Coz04 NPs synthesized by the sol-gel process have a narrow optical band gap
value of around 2.0 eV, providing an advantage in using visible light for photoactivation [62]. To
improve the photocatalytic activity of using CozO4 NPs, several synthetic techniques, such as
sol-gel, electron beam decomposition, pulsed laser deposition, and electroless deposition, have
been reported for designing CozO4 NPs and core-shell hybrid NPs, [65]. Nevertheless, there is a
need to develop methods for synthesizing uniform CozOs NPs and their core-shell hybrid NPs for
highly efficient photocatalysts. The microwave synthesis method was reported as a green process
for NP synthesis [100].

In this work, a nanocomposite is designed with a core-shell structure of cobalt oxide and
CNDs (Co30:@CNDs). A simple, microwave-assisted synthesis was carried out to obtain the
hybrid CosO4s@CNDs core-shell NPs, Co3s04 NPs, and CNDs. This research aims to explore the
physicochemical properties of these NPs as a photocatalyst for a comparison study in dye
degradation with visible and UV light sources. Two representative dye molecules, cationic
methylene blue (MB) and anionic Indigo Carmine (IC) were tested at different concentrations by
measuring the degradation efficiency. Methylene blue (MB) is a photochemically active azo dye
that has been reported as a significant hazard to human health with several detrimental
environmental effects as it is carcinogenic by its form and non-biodegradable [88]. Indigo

Carmine (IC), a vat dye, is considered significantly toxic among the indigoid classification of
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dyes. Severe toxicity and carcinogenicity with these dyes have also been reported [101]. We
found the hybrid Coz04@CNDs core-shell NPs perform superior to either using the Co304 or
CNDs NPs in the two-dye degradation. The kinetics and reaction mechanism for photocatalytic
degradation of the dyes based on experimental results are examined and reported in this research.
Materials and methods
Materials

Chemicals and reagents, including cobalt acetate tetrahydrate (Sigma Aldrich), pure
anhydrous ethanol (Sigma Aldrich), 25- 28% ammonium hydroxide solution (Sigma Aldrich),
citric acid (ACROS Organics), ethylenediamine (EDA, Fisher Scientific), MB (Fisher Scientific)
and IC (Chemsavers), ethylenediamine tetraacetic acid (EDTA, Sigma Aldrich), silver nitrate
(AgNOs3, Sigma Aldrich), isopropanol (IPA, Fisher Scientific), and hydroguinone (HQ, Fisher
Sci) were purchased and used without further purification and are of analytical grade.

Synthesis of Co304 and Co304@CNDs hybrid NPs

Figure S2.1 a showed the protocol of a modest microwave approach used for Co304 NPs
synthesis. The reaction is similar to the previously reported method [102]. Briefly, 0.5 g of cobalt
acetate tetrahydrate was dissolved in 25 mL of pure anhydrous ethanol and homogeneously
mixed for 15 minutes. Then, 2.5 mL of 25-28% ammonia was added slowly and mixed for
another 10 minutes to achieve a thorough mixture. The mixture was carefully transferred into a
100 mL round-bottomed (RB) flask and placed in a microwave synthesizer (CEM Corp 908005
Microwave Reactor Discovery System). The reaction was kept in a closed, sealed, pressure-
controlled microwave reactor with 300 W, 100 psi, and 150°C for 30 minutes. The microwave
synthesizer was rapidly air-cooled, and a black precipitate solution was collected. The

precipitates were purified by centrifugation (using Solvall Legend XFR Floor Model Centrifuge)
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at 10000 rpm for 10 minutes, washed, and dried at 80°C in a muffle furnace. The black-colored
particles were collected after drying and labeled as CozO4 NPs for the following characterization
and usage.

The procedure of synthesizing CNDs shell to CosO4 NPs followed our previous reports
[103] to synthesize Coz04@CNDs hybrid NPs, as shown in the schematic in Figure S2.1b.
Firstly, 50 mg of Cos04 NPs were weighed in an RB flask, and 1 mL of deionized (DI) water was
added. The NPs were dispersed completely using sonication for stirring. Next, 960 mg of citric
acid was added to this solution and mixed thoroughly. Then, 1 mL of EDA was slowly added
with continuous stirring. All the contents were stirred thoroughly to acquire a uniform
homogeneous dispersion. These contents were then transferred into a microwave reactor, and
parameters were set at 300 W, 150°C for 18 minutes, followed by continuous air-cooling and
reflux in open conditions. After the reaction, the content was air-cooled immediately. The
content after the microwave reaction was dispersed in water and dialyzed using a 1 kDa MWCO
membrane for 72 hours. The final NPs product was dried using a freeze drier (Labconco
FreeZone 6 Freeze Dryer). The dried product was collected, labeled as Co304s@CNDs hybrid
NPs, and stored in the refrigerator for further characterization and usage. The CNDs were
obtained using the same synthesis procedure without adding Coz04 NPs, as described in
previously reported work [103].

Characterization of the synthesized particles

The C0304, CNDs, and Coz04@CNDs hybrid NPs were imaged using Transmission
electron microscopy (TEM, Carl Zeiss Libra 120 Plus and 2100 Plus, Jeol) to study their
morphology along with the Selected Area Electron diffraction (SAED). X-ray powder diffraction

(XRD, Agilent Technologies Oxford Gemini) with a copper source, Raman spectroscopy
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(Horiba XploRA One Raman Confocal Microscope System), Fourier transform infrared
spectroscopy (FTIR, Varian 670 and Shimadzu IR Affinity-1), and X-ray photoelectron
spectroscopy (XPS, Thermo Fisher ESCALAB 250 Xi), Malvern zeta sizer (DLS, Malvern
Instruments ZEN3600) were used to characterize the crystallinity, elemental, structural
morphology and surface charge of the NPs, respectively. UV-Visible (Agilent) and
Photoluminescence (PL) spectroscopy (Horiba Spectrophotometer) were used to determine the
optical properties of the NPs and for the dye degradation study. The differences in optical,
structural, elemental, crystalline, and surface charge properties were identified and compared
between Co304, CNDs, and Co304@CNDs hybrid NPs.
Procedure for Photocatalytic activity

The photocatalytic activity of the Co3O4@CNDs was examined by MB and IC dye
degradation studies under irradiation with visible and UV light sources. Before adding the NPs,
the absorbance of the dye solution was measured using UV-visible spectroscopy and labeled as
“MB only” and “IC only”. The CosO4s@CNDs (1 mg/mL) were mixed with 10 mL of MB or IC
(20 mg L) in a DI water solution in a beaker. The dye solution was equilibrated for 20 minutes
with the NPs at 1200 rpm in the dark, and the samples collected were labeled as “Eqb time,” and
an absorption spectrum was measured. Then the dye solution with NPs was treated with visible
light (Power: 500mW, wavelength 447 nm, 5 mm diameter, Big Laser Co.,) and a UV light
source (Power: 500mW, wavelength 365 nm). The same procedure was repeated with MB or IC
dye concentration at 50 mg L. The dye solution with NPs at time intervals after the irradiation
with the light source was collected (100 uL), filtered, diluted to 1 mL, and analyzed by reading
their absorbances at the maximum absorption wavelength of 664 for MB and 610 nm for IC

using UV-Visible spectroscopy [104], [105]. All the collected dye with NPs solution was
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centrifuged at 10000 rpm for 10 minutes before taking the measurements. Control experiments
were performed using CNDs and CozO4 NPs alone for comparison. Also, the same experiments
were performed in the dark (without light) to compare their photodegradation and without any
NPs to see if the dye solution degrades by itself. Every experiment was repeated three times, and
the standard error was calculated. The extent of dye degradation or decolorization was calculated

using the following Eq. 1.,

Degradation efficiency(%)= 100x A‘]A_At =100x COC_Ct
0 0

)

where At and Ao are the absorbance of the dye with catalysts, and Ct and Co are the
concentrations of dye solution with catalysts at time t and 0 minutes, respectively [104].

The reactive species scavenging experiment was carried out by degradation of MB dye
under visible and UV light irradiation with active radicals’ scavengers, such as 1 mM of HQ,
EDTA, and AgNOs, and 5 mL of IPA, which were added to 20 mg L™ MB dye solution along
with NPs [36], [105].

Results and Discussion
Materials characterization

Different color NPs, such as black, brown, and blackish-brown representing Coz0a,
CNDs, and Co304@CNDs hybrid NPs, were obtained from the synthesis (see Figure S2.2). A
summary of different reported syntheses, parameters used, and the respective size of Co304 NPs
is listed in table S2.1.

The morphology (size and shape) of the NPs was analyzed from the TEM images,
Figures 1a and b showing C0304 NPs and Coz04@CNDs. In Figure 1b, the darker shades are
surrounded by lighter regions (carbon) in every NP, indicating the core-shell morphology of the

hybrid NPs. The morphology of CNDs is shown in Figure S2.3.
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Figure 1. TEM images of a. Co304 NPs, b. Co304@CNDs; HRTEM images of ¢. Co3O4 and

d. Co304@CNDs

The morphology of CNDs was consistent with the previously reported work in our group (with a
size of 5.5+2.5 nm) [103]. All these synthesized NPs were spherical and uniform, with no
aggregation. The average size for CozO4 NPs are 3+1 nm, whereas 16.65+3.7 nm for
Co304@CNDs (Figure S2.4a and c). The SAED patterns of Coz04 NPs (Figure S2.4b) showed
alternative dark and bright rings, confirming their high crystallinity. The diffraction patterns of
the Coz04@CNDs (Figure S2.4d) showed some planes of Co30s, including (111), (220), (311),
and (422), with very few spots, and have a low level of crystallinity. The high-resolution TEM
(HRTEM) image of Co304 (Figure 1c) and Co304@CNDs hybrid NP (Figure 1d) possessed

lattice fringes supporting their respective crystallinity as in the SAED patterns, with an
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interplanar distance of 3.9 and 2.5 A, respectively. Figure 1d displays a core-shell morphology
of the Cos04@CNDs hybrid NP in an enlarged view at a scale of 10 nm.

The XRD patterns of Co304, CNDs, and Co304@CNDs hybrid NPs are shown in Figure
2. For the pure Co3z04 NPs, the XRD profile displayed high crystallinity, suggesting their cubic
spinel structure [53], [73], corroborating with the JCPDS 42-1467. Diffraction angles at the 20
of 17°, 29', 33, 37°, 43.6", 51", 55°, 59", and 68" representing the crystalline planes (111), (002)
(220), (311), (400), (422), (511), (333), and (440), respectively of the Co304 NPs [57], [65]. The
XRD spectrum of the CNDs showed a strong peak (002) at 21.8", corresponding to the graphitic
planes, implying that they are amorphous in nature [106], [107]. The XRD profiling at (111),
(311), (222), and (440), owing to the presence of trace amounts of Co304, and the carbon at 21.8°
with the plane (002) [56], [107], [108]. The CozO04s@CNDs hybrid NPs are mostly amorphous as
they resemble CNDs spectra, due to the carbon shells. Table S2.2 represented the XRD
comparison for 26 and planes of Co304 NPs, CNDs, and Co3O4@CNDs.

Figure 2. XRD of Co304@CNDs, CNDs, and Co3O4 NPs

(1113 —_—030d
——CHNDs
— 00304 @CN Dz

Normalized Intensity {cps)

;(111) \—-.____f\

C0,0, JCPDS No: 42-1467

13 28 38 48 58 68 T8

19



Figure S2.5 showed the FTIR spectra of Co304, CNDs, and Co304@CNDs hybrid NPs.
FTIR spectra of Co304 NPs showed stretching vibrational peaks observed at 570 and 660 cm™,
specific to strong absorptions of Co-O, precisely the octal Co-(111)-O and tetrahedral coordinated
Co-(11)-0, of the Co304 NPs [109], [110]. The peaks observed at 1461 and 1590 cm™ were
characteristic of the aliphatic alkyl and amine groups, which was expected due to the ethanol
groups or unreacted ammonia residues from the synthesis of Co304 NPs [100], [111]. FTIR
spectra of Co30s@CNDs hybrid NPs r revealed broad peaks of 3100-3400 and 2900-3050 cm'?,
attributing to the -O-H and the -C-H, respectively, which contributes to their stability [112],
[113]. The double bond region peaks observed at 1542 and 1635 cm™ were ascribed to the -C=C-
and -C=0- in Co304@CNDs hybrid NPs [112], [113]. The Co304s@CNDs contain Co304 peaks
at 570 and 660 cm™, confirming their presence [109], [110].

Raman spectra (Figure S2.6) displayed peaks at 465, 517, and 670 cm™ attributing to the
Eg, F2g, and A1g modes of CosO4 NPs [62], [65], [110]. Additionally, the Raman spectra
contained peaks at 1341 and 1565 cmt, characteristic of the D and G bands of the CNDs [53].
The D bands’ intensity ratio to G-bands (Io/lg) was 0.99 for the Co304@CNDs hybrid NPs,
characteristic of the graphitic layers in the carbon nanomaterials [108]. This ratio was 0.97 for
pure CNDs. The increased intensity ratio in the hybrid NPs infers that the graphitic carbon
structure is distorted [53], [113] because of Co304 and defect states created in the structure of the
C0304@CNDs.

The XPS spectra of Co304, CNDs, and CozO04@CNDs hybrid NPs are shown in Figure
S2.7. XPS spectra of CosO4@CNDs showed the presence of C (284.6 eV), N (399.1eV), O
(531.1eV), and Co (780.7 eV), in the Coz04@CNDs hybrid NPs, whereas that of CNDs showed

C, N, and O, and the Co304 NPs showed the presence of Co, C, and O. The deconvolution

20



spectra of the Coz04 NPs are shown in Figure S2.8a-c. and that of Co30s@CNDs hybrid NPs
are shown in Figure 3a-d. The HR C1s core spectra of Co304 NPs (Figure S2.8a) and

Figure 3. HRXPS of a. C 1s, b. O 1s, ¢. N1s, and d. Co 2p in CosO4@CNDs hybrid NPs
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Co304@CNDs hybrid NPs (Figure 3a) included peaks at 283, 285, and 287 eV attributed to the -
Co-C, sp? and sp? hybridized -C-C, and the -C-O-C groups due to oxidation on carbon surfaces,
respectively [108], [114], [115]. The graphitic -C-C represented the basal carbon surface [108].
The N1s spectra (Figure 3b) revealed the prominent pyrrolic-N at 399 eV, and the pyridinic and

graphitic-N formed at 398 and 401 eV, respectively [53], [116], which was due to -C-N bonding
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formed from precursors, and the metal nitrides at 396 eV, formed because of the hybridization
[114]. The HR Ol1s spectra (Figure S2.8b and Figure 3c) showed peaks at 529.9 and 531.3 eV
due to the -Co-O and -C=0 bonding in the Co304 NPs [53], [65]. The deconvoluted Co2p
spectra (Figure S2.8c and Figure 3d) comprised peaks corresponding to the Co2ps2 (781.0 eV)
and Co2p12 (796.9 eV) with their respective satellite peaks at 786.0 and 803.1 eV confirmed that
they possessed both Co?* and Co** vacancies in the Co304 [65], [109]. The HRXPS of O1s
(Figure 3c) and Co2p spectra (Figure 3d) also confirmed that the synthesized NPs contain
Co304 as they resembled the deconvoluted peaks in Co304 NPs (Figure S2.8b and c) were
observed. The Co-C- and Co-O- peak intensities are significantly reduced in the Co304s@CNDs
because the Co304 NPs are covered by carbon shells with hybridization. The Co atoms were
expected to be present in the inner core of the hybrid NPs as they were detected only in trace
amounts (0.93%). The more detailed XPS interpretation data comparison of the constituents of
the NPs are shown in Table S2.3.
Optical absorption and Bandgap investigation analysis

The optical properties of Coz04, CNDs, and CosO4s@CNDs hybrid NPs were carried out
by UV-Visible, and PL spectra and are presented in Figures 4a and b. The absorbance and PL
properties of the core-shell materials are responsible for the changes in the impurity levels,
energy band structure, localized crystalline defects, exciton relaxations, lattice vibrations, and
specific magnetic excitations [91]. UV-Visible comparison of Coz04@CNDs, CNDs, and C0304
NPs in Figure 4a showed that CosO4@CNDs hybrid NPs and CNDs had two peaks at 260 and
350 nm ascribed to the m—=* transition of the -C=C- bond in the carbon core and n—z* transition
of the -C=0- corresponding to the molecular state transitions, respectively [103], [117]. No

significant broad absorption peaks were observed in the Co304 NPs owing to the quantum
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confinement effects [57]. In Figure 4b, the observed PL effect in the Co30s@CNDs hybrid NPs
was higher than the CNDs. An emission peak at 450 nm was observed when excited at 360 nm
wavelength in Co30s@CNDs and CNDs [103]. The slight PL emission for CozOs NPs at these
wavelengths was attributed to intrinsic and extrinsic surface defect states, which might be
expected from the impurities and deficiency levels created during the synthesis [57]. The
absorbance and PL enhancement were observed for the core-shell Co304@CNDs than the CNDs
which might be expected due to the synergistic effect obtained from the hybridization. The
stronger PL intensity of the Coz0s@CNDs might be due to larger oxygen defects or vacancies in
their core-shell structures, and this can enhance photocatalytic activity [118].

The optical band gap energy (Eg) of the synthesized NPs was determined by using Tauc’s
relation with the following Eq. 2.

(ahv)" = Ax(hv-Eg) (2)

Where A, o, hv, and Eq are the proportionality constant, the absorption coefficient, the
photon energy, and the band gap of the synthesized nanomaterials, whereas n denotes the
electronic transition (or) optical transition values [112]. By linear extrapolating the plots of
(ahv)? vs. hv (Figure 4c), the band gap was found to be 1.55 and 1.77, 2.9 and 2.51 eV for the
Co0304 NPs, CNDs, and Coz04@CNDs hybrid NPs, respectively. The band gap of Co304 NPs
values calculated as 1.55 and 1.77 eV was ascribed due to Co®*" and Co?* vacancies in their
structure on the lower and higher energy side regions [65]. The reduction in the band gap of
Co0304@CNDs hybrid NPs than the pure CNDs was due to the heterojunction formation, which
might contribute to improved photoactivity [119]. The obtained ideal band gap of Co304@CNDs
NPs could slow down the recombination of photogenerated electron-hole pairs by the synergistic

effect and overlap of emission bands in the PL spectra of CNDs and Co30s, which can excite the
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NPs faster during photocatalytic reactions [109]. This band gap of Co30s@CND NPs, lesser than

CNDs and more than CosO04 NPs, making it a robust photocatalyst to be effective in both visible

and UV regions.

Figure 4. a. UV-Visible and b. PL spectroscopic data, and c. Tauc’s plot of CosO4s@CNDs,

CNDs, and C0304 NPs
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Figure S2.9, with particle size and zeta potential of Co304@CNDs, provided an

understanding of the surface charge determination of NPs. The zeta potential of Co304@CNDs,
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CNDs, and Co304 NPs are -5.6, -12.1, and +17.6 mV, respectively. The zeta potential of the
C0304@CNDs hybrid NPs is close to zero and aggregates faster, a common attribute of their
hybridized morphology. Also, they possessed a negative charge due to the CND shell layer on
them, which was more negative in their pure form.
Dye degradation studies

Parameter optimizations are an essential investigation to get an overall concluding idea
about the effective degradation of dye over the catalyst surface [120]. The UV-visible
spectrophotometer studied the dye degradation activity, and time-dependent absorption spectra
were obtained from the measurements of MB and IC with Amax, 664, and 610 nm, respectively.
Experiments were carried out three times, and the average and standard errors were calculated.
The absorbance spectra of MB and IC solution from 200 to 800 nm in both visible and UV light
irradiation are shown in Figures S2.10 to S2.17a, b, and c for all the NPs at all the time points
and different dye concentrations. The intensity of absorption plots gradually decreased with
increasing the irradiation time in all the dye degradation studies for Coz0s@CNDs, CNDs, and
C0304 NPs.
Effect of the wavelength of light

The wavelength of the irradiation source is one of the critical parameters that affect dye
degradation in aqueous solutions [44]. The artificial UV irradiation source is commonly more
reproducible than sunlight or visible light and brings higher efficiency in degrading organic dyes
[120]. Due to the hybridization and optimal band gap obtained, our work studied dye degradation
for Co304@CNDs hybrid NPs in both the visible and UV light regions (with two different light

source wavelengths).
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Effect of different photocatalysts

Photocatalytic activity of various catalysts changes with the variations in the lattice
mismatch, and their surface that contains impurities on them impacts the adsorption behavior of
a dye [120]. It also influences the lifetime and recombination rate of electron-hole pairs [120].
The higher surface area is also a defining factor in some photodegradation reactions [121]. Many
adsorbed organic molecules with high surface area favor the reaction rate [91], [122]. The
electron-hole recombination also varies depending on the particle size, influencing the reaction
rate [120], [123]. We compared the dye degradation activities of the photocatalysts, such as
C030:@CNDs, CNDs, and Coz04 NPs. The difference in their photocatalytic activity observed
was also due to the particle size and surface charge variation in these three NPs, as confirmed by
the TEM and zeta potential characterizations.

Effect of dye concentration

The optimization of dye concentration is another vital factor while studying
photocatalytic degradation. The rate of dye degradation primarily alters with the dye
concentration [91], [120]. The effect of the dye degradation study for CosO4@CNDs, CNDs, and
Co30. at two different concentrations (20 and 50 mg L) of MB and IC dyes are described in the
following Figures 5 and S2.18, respectively. With an increase in dye concentration, the
photocatalytic degradation efficiency decreased, as expected from the literature [91].

The degradation rate is determined by the possibility of OH- radicals’ generation on the
catalyst’s surface and OH-radicals reacting with dye molecules [124]. When the dye
concentration increases, many dye molecules exist for energy transfer leading to a reduction in
the efficiency of the catalyst and its reaction rate [120], [125]. Also, the necessity of the catalyst

surface required for the degradation increases simultaneously as the active sites are covered
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faster by increasing the degradation time during the process [125]. The decrease in degradation
rate with the increase in dye concentration was expected to occur for various reasons, such as: 1.
As the dye’s concentration increases, dye molecules are adsorbed on the catalyst’s surface, with
a substantial quantity of UV rather than Cos04s@CNDs hybrid NPs. Hence, the light penetration
to the catalyst’s surface decreases [88], [91], [120]. 2. The hydroxyl radical’s generation
decreases since dyes occupy the active sites [120], [126]. 3. The adsorbed dye on the catalyst
surface inhibits the effect of adsorbed molecules with the photoinduced positive holes since there
is no direct contact with the semiconductor [44], [120], [127].

Visible light-induced dye degradation study. The MB and IC dye degradation of
C0304@CNDs, CNDs, and Co3z04 NPs under visible and UV light sources are shown in Figure
5 and S2.18 at two different dye concentrations, respectively. The absorbance plots of the visible
light-based dye degradation performances of the nanomaterials (i.e., Co304s@CNDs, CNDs, and
C0304) with MB and IC dyes are shown in Figures S2.10 and 11, and 14 and 15a, b, and ¢
respectively with two different dye concentrations (20 and 50 mg L™). The decrease in the
degradation of MB and IC dye with the Cos04@CNDs, CNDs, and Co3O4 NPs under visible
light was calculated by measuring their absorbances at regular time intervals. The C/Covs. time
plots showed a gradual reduction in absorbance with an increase in irradiation time until 75
minutes, and then the decrease was not observed from 75 to 120 minutes (Figures 5a and b).
The plots showed the dependence of C/Co versus the irradiation time from 0 to 120 minutes with
20 mg L™ a. MB and b. IC dye degradation in visible light. The 71% MB dye degradation of
Co304@CNDs nanocomposite was observed after 75 mins of degradation reaction, but at the
same time, the CosO4 NPs showed only 56% of dye degradation. The dye degradation

percentage vs. reaction time graph demonstrated less catalytic activity of CozOs NPs and CNDs
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against the MB and IC dye degradation compared with CosO4@CNDs nanocomposite. The same
trend was obtained in the case of IC dye degradation also. The 62.9% IC dye degradation of
Co304@CNDs nanocomposite after 75 mins of reaction was observed, but at the same time, the
Co0304 NPs showed only 45.2% of degradation (Figure 5b). The same trend was obtained in the
case of 50 mg L™t MB and IC dye degradation also, as shown in Figures S2.18a and b. An
increase in the efficiency to 67% in the MB dye degradation with CozO04@CNDs was observed
compared to the Co3O4 NPs at the same time (Figure S2.18a), and 61.5% of IC dye was
degraded within 75 minutes with Co304@CNDs was observed compared to CNDs and C0304
NPs, 59.3% and 51.9%, respectively (Figure S2.18b). But comparatively, 20 mg L™ MB and IC
dyes were degraded to the maximum extent than the 50 mg L™ dyes with all the NPs.

UV light-induced dye degradation study. The UV irradiation source’s energy (~3.39
eV) is higher than the band gap energy of the NPs used. Hence, the drawback of electron-hole
recombination is avoided when a UV source is used [120]. The wavelength of the light source
can influence the effectiveness of photodegradation [44]. If the irradiation wavelength is shorter,
it can encourage the electron-hole formation and increase the catalyst’s efficiency [120]. The UV
light-based dye degradation performances of the nanomaterials (i.e., Co304@CNDs, CNDs, and
Co0304) were evaluated with the photodegradation of MB and IC dye as indicated in Figures
S2.11 and S2.12, and S2.15 and S2.16a, b, and c respectively with two different dye
concentrations (20 and 50 mg L%). The results showed a gradual reduction in absorbance with an
increase in irradiation time until 40 minutes, and then the decrease was not observed after 40 to
60 minutes (Figures 5¢ and d). When the UV light source was irradiated, about 62% of MB dye
was degraded at 40 minutes with Coz0s@CNDs hybrid NPs, whereas, for CNDs and C0304

NPs, the degradation was 52% and 42%, respectively (Figure 5c). The same trend was obtained
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in the case of IC dye degradation. About 59.2% of IC dye was degraded within 40 minutes with
C0304@CNDs hybrid NPs, whereas, for CNDs and Co304 NPs, the degradation was 50.3% and
Figure 5. C¢/Co vs. time plots of 1mg/mL of Co304@CNDs, CNDs, and Co3O4 NPs with 20
mgL* a. MB and b. IC dye degradation in visible light, c. MB and d. IC in the presence of

UV light

(28]

b.

—8— Co304(@CNDs —8—C0304@CNDs

—8—CNDs =—8—CNDs

—8— C0304 nps =8—Co0304 1ps

Degradation efficiency (C,/C
Degradation efficiency (C,/Cy)

20 0 20 40 60 80 100 120 140 200200 40 60 B0 100 120 140
Time (mins) Time (mins)

t}
B

—8— Co304@CNDs
== CNDSs

0.3 —8— C0304 1ps

Degradation efficiency (C,/C

0.6
% 04
=
= —8— C0304@CNDs
0.2 0.2 =8-—CNDs
=8—C0304 nps
-20 0 20 40 60 80 -20 0 20 40 60 80

Time (mins) Time (mins)

43.5% at 40 minutes, respectively (Figure 5d). When the UV light source was irradiated with 50

mg L MB dye, about 59% of MB dye was degraded within 40 minutes with Co30s@CNDs
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hybrid NPs, whereas, for CNDs and C0z04 NPs, it was 50% and 40%, respectively (Figure
S2.18c). About 54.5% of IC dye was degraded within 40 minutes with Coz04s@CNDs hybrid
NPs, whereas CNDs and Co304 NPs were 45.3% and 40.4% at 40 minutes, respectively (Figure
$2.18d). UV light shields the high dye concentration, thereby reducing the photons' path length
entering the solution [91]. Also, photocatalytic activity for CND-containing hybrid NPs is much
higher than pure Cosz04, confirming the synergetic effect of CNDs and C030a.

Tang et al. mentioned that the enhancement in photocatalytic activity of the carbon
nanomaterial decorated composites enhances the separation of electron-hole pairs in Co304 due
to the electrons with high mobility in carbon [128]. Our results revealed that a high dye
concentration can inhibit the reactions between dye molecules and reactive radicals due to the
NPs. The high dye concentration also impedes light penetration, and only some photons can
reach the photocatalyst surface [91]. Hence, the release of charge carriers and reactive radicals in
the dye molecules are reduced simultaneously, thereby decreasing the photodegradation
efficiency [91].

Under dark

In the dark conditions, the degradation of the CosO4@CNDs, CNDs, and CosO4 NPs was
studied for up to 120 mins using two different dye concentrations, 20 and 50 mg L™, for both the
MB and IC dyes. All the control plots and their respective comparison plots are shown in
appendix, Figures S2.20- S2.25. The absorbance plots, along with their respective degradation
percentage plots versus time, in the dark, are shown along with the comparison of the light-based
values for the Co304s@CNDs, CNDs, and Co304 NPs, for both the MB and IC dyes in two
different concentrations, 20 and 50 mg L. During dark conditions, only physical adsorption

occurs between the dye and NPs, and no degradation was observed with the increase in time.
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From the plots (Figures S2.20 to S2.23), we observed that after attaining 20 minutes (the “Eqb
time”), the degradation efficiency did not change, and the absorbance remained almost the same.
These plots give a clear idea that only adsorption occurs in the dark condition, and the
degradations were based on the light only, suggesting that the NPs undergo excitation in the
presence of light and go through photocatalytic reactions for degrading the dyes. Without any
NPs, there was no decrease in the concentration of MB, and IC was detected under UV/Visible
irradiation (Figure S2.24- 25). At the same time points of UV/Visible based degradations, the
blank test in the dark showed that there is not any degradation of MB and IC under UV and
visible light radiation when the photocatalyst is not present.
Influence of time and the release of byproducts

The irradiation time is another crucial influencing factor in photocatalytic degradation
processes [68]. The MB and IC dye absorbance was degraded to a maximum at 75 and 40
minutes, with visible and UV lights, respectively, after which no absorbance decrease was
observed in both light illumination cases. The time points were extended to 120 and 60 in visible,
and UV radiation and absorbance changes were observed. A rapid increase in degradation was
observed in the first 75 and 40 minutes of reaction time in visible and UV light, as seen in
Figures 5 and S2.17. After which, the degradation rate did not change until 120 and 60 min in
visible and UV light, as no further degradation was observed. Since the absorption peak does not
shift, MB can be metabolized into a single aromatic molecule with no more benzene rings, or it
means that MB is degraded to maximum using these catalysts at 75 minutes, and hence there is
no more degradation.

During the extended time points, there were no changes for the absorbance values at the

absorbance maximum, 664 nm of MB in Coz04s@CNDs, CNDs, and Co3O4 NPs. Until 75

31



minutes in the visible light degradation and until 40 minutes in the UV light degradation,
abundant hydroxyl radicals were available, so there was an increased rate of degradation.
Figure 6. FTIR of Cos04@CNDs in the a. and b. MB and c. and d. IC dye degradation at

the maximum degradation time of 120 minutes in the presence of visible light
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With the increase in time, all the hydroxyl radicals generated from the dyes are
consumed, thereby decreasing the reaction rate of the catalyst. The extent of dye degradation was

confirmed by observing the changes in the structure of the MB dye through FTIR spectroscopy
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(Figure 6). The graphs were divided into two segments from 500 to 2000 cm™ and from 2000 to
4000 cm™* to show maximum clarity in the functional group changes in the MB and 1C dyes
(Figures 6a, b, ¢, and d). Comparing the MB and IC structures before and after degradation at
75 minutes with visible light showed some significant observable changes in their structures,
indicating the degradation extent.

The FTIR spectroscopy of MB after degradation compared with that of unreacted MB
was measured from 500 to 4000 cm™ (Figures 6a and b). The FTIR data showed highly
complicated vibrational modes due to its chemical structure, with the characteristic peaks at
wavenumbers 1365 cm™ due to its prominent aromatic amino group and aliphatic alkyl chains, —
CH; or —CHj3 (1400-1300 cm™). Moreover, the main heterocycle skeleton of MB exhibited the
band at 952 (due to —~N-O) and 1490 cm™. The peak at almost 1635 cm ™t s attributed to the -CH
=N, -C = N central ring and H-OH stretching (3428 cm™), -N-H (3183 cm™), and the aliphatic
amine groups, -CHs bonds at 1539 cm™2, which are the main chromophores in MB dye [129]-
[131]. However, some of the influential characteristic bands mentioned above with the
heterocycle skeleton structures, such as through H-OH (3400 and 1635 cm™) and —N-O (952
cm™), disappeared in treated MB solution indicating the maximum destruction of MB molecule
by breaking of central and side aromatic rings and demethylation, clearly implying the successful
degradation of MB by the CosO4s@CNDs under visible light irradiation.

The FTIR spectroscopy of the IC after degradation (Figure 6¢ and d) compared with that
of the MB dye, which possesses highly complicated vibrational modes due to its chemical
structure, with the characteristic peaks at wavenumbers, 1392 cm™ due to its noticeable
deformation vibrations of N-H and aliphatic alkyl chains, -C—H, —CH2 or —-CHs at 1461 cm™,

The FTIR spectra of untreated IC showed the specific peaks in the fingerprint region (2000 - 500
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cm™) for the ortho-para-disubstituted benzene rings, which is next to the peak at 1613 cm™ for
the C = C stretching of the benzene ring [132]. A characteristic peak in the region 1100 - 1000
cm?, related to the S = O stretch band with the most significant peak at 1068 cm™ and another in
the range 751 cm™* for the C-S stretching vibrations due to sulfur-containing functional groups
[132]. The observed bands in the 3300 - 3500 cm* are due to the O-H stretching attributed to
water remains [132]. The band assigned to the carbonyl bond can also be observed at ~1660 cm"
L and N—H (3183 cm™), which are the main chromophores in IC dye [133]. Some above-
mentioned characteristic bands with the heterocycle skeleton structure, such as through H-OH
(3400 and 1628 cm™), disappeared in the treated IC solution indicating the maximum
degradation of IC molecule by breaking of central and side aromatic rings and demethylation,
implying degradation of IC by the Co3O04@CNDs under visible light irradiation.

The treated MB and IC solution exhibited characterization spectra of water and aliphatic
amine groups with no traces of aromatic rings, which revealed that some degradation
intermediates or byproducts of MB and IC were absorbed by the catalyst, indicating the dye
decomposition to the maximum extent. The Co304@CNDs FTIR showed Co304 peaks at 578
and 667 cm™ and the other remaining peaks with CNDs structure in the comparison plots. These
peaks were observed in MB+Co0304@CNDs and IC+Co304@CNDs after 75 minutes (at 120
minutes), confirming their presence and showing their catalytic ability and phase stability. After
75 minutes, the characteristic peaks of MB and IC are degraded to a maximum extent, and the
structural changes are shown using these compared FTIR data. Thus, the FTIR data confirmed
that the harmful aromatic structure of the dye is decomposed after the maximum degradation
time. The photodegradation of the MB and IC mainly might have undergone the n-dealkylation

of the aliphatic tertiary amine [88], [91], [133].

34



Effect of charge of dye (Anionic and Cationic)

In this study, we also compared the MB dye degradation (71%) with I1C (62%), which
exhibited a better photocatalytic activity. This higher degradation was due to the dyes’
distinctive chemical structures and charge, as MB is cationic, and IC is anionic. The negative
charge on the catalyst’s surface facilitated the faster degradation of cationic dyes (MB) due to the
increased electrostatic attraction forces [134]. In the case of anionic dyes (IC), a strong repulsion
was observed between the dye molecule and catalyst surface, decreasing the degradation
compared to cationic dyes (MB) [59].

Photocatalytic kinetics - Rate constant studies

The degradation extent was further analyzed by first-order Kinetics reaction using the
Langmuir-Hinshelwood (L-H) model. The reaction kinetics of the photocatalytic degradation
rate of MB and IC were determined by fitting using the L-H kinetics model. From the fitting, the
rate constants (k) can be calculated from Eq. 3.

InZ=kx<t (3)

where Co/Ct is the MB degradation rate, and ‘k’ is the pseudo-first order reaction rate
constant. The correlation coefficient (R?) and the reaction rate constants, ‘k,” were calculated
from these plots. Figures 7 and S2.19a-d are the plots with In(Co/Cy) vs. irradiation time up to
120 and 60 minutes for the visible and UV light source-based degradations at 20 and 50 mg L™
dye concentrations, respectively. The R? value of Co30s@CNDs, CNDs, and Co304 NPs was
closer to 1(above 0.9) for all dye degradations. A high k value means better photocatalytic
activity. The graph from Figures 7a and c illustrated a straight line with a positive slope and the

rate constant of 1.39 and 1.95x102 min* for Co304@CNDs hybrid NPs with 20 mg L™ MB dye
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degradation in the presence of visible and UV light, respectively. The photodegradation rate is

decreased with increasing dye concentration in CosO4s@CNDs, CNDs, and Co3O04 NPs.

Figure 7. Ln(Co/Ct) vs. time plots of 1mg/mL of CosOs@CNDs, CNDs, and Co3sO4 NPs with

20 mgL* a. MB and b. IC dye degradation in visible light, c. MB and d. IC in the presence

of UV light
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The R? value of Cos04@CNDs had a higher value in the 20 mg L™ MB dye degradation

and showed a faster degradation rate than CNDs and Co304 NPs. The photocatalytic

decomposition of MB and IC agreed with pseudo-first-order kinetics. The reaction rate constant,

k, of the Co30:@CNDs, CNDs, and Coz04 NPs under visible and UV light were calculated as
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shown in Table S2.4 and S2.5 for both the MB and IC, respectively. The graph from Figures 7b
and d illustrated a straight line with positive slope and k value of 1.15+0.01 and 1.92+0.04x107
min! for Cos0s@CNDs hybrid NPs with 20 mg L™ IC dye degradation in the presence of visible
and UV light, respectively. It can be observed that from the results, MB and IC photolysis is
higher for UV light than that visible, as the degradation was achieved faster in the presence of
UV light. The same trend was observed with the 50 mg L™ dyes (Figure S2.19a-d). This
superior photocatalytic activity of the CosOs@CNDs hybrid composite might be due to the
Co0304 core and the surface of the nitrogen-doped as well as hydroxyl-containing carbon layers,
as mentioned by Atchudan et al. [114]. These results revealed that the Co304@CNDs hybrid
composite are a potential candidate for photocatalytic degradation of MB and IC under UV and
visible light irradiation.

This study compared with the reported literature of MB and IC degradation by Coz04 and
carbon-based composites to justify the superior activity of the Coz0s@CNDs hybrid composite,
shown in Table S2.6. Also, by considering previous works, the supported photocatalysts
(Co304@CNDs hybrid NPs in this work), such as graphene-based nanocomposites, have a high
tendency for trapping or absorbance of reactants and facilitate the transfer of reactants to active
sites [36]. Figure S2.26 comparison plots with In(Co/Ct) versus time implied that the degradation
rate of MB with the UV (0.02/min) was higher and faster than that of the visible light
(0.014/min).

Reaction mechanism and active species determination
Active species determination
The degradation reactions of the CosO4@CNDs were performed in the presence of

different scavengers, such as IPA, EDTA, HQ, and AgNO3 of 1 mM concentration (Figure
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S2.26a and b in the presence of visible light, whereas ¢ and d with UV light). IPA, HQ,
EDTA, and AgNOs were utilized for quenching the reactive species, such as "OH, Oz, h*, and e,
respectively [36], [68]. Adding these scavengers suppressed the photocatalytic reaction
efficiency by decreasing the peak intensity considerably compared to no scavengers.

The observed efficiency of 22% for IPA-containing reaction suggests the significant
contribution of "“OH from the photocatalyst for the degradation reactions. The degradation
efficiency in HQ-aided reaction was 29%, indicating that the O, radicals are majorly linked with
the catalysts, leading to degradation. Besides, the 10% and 13% efficiency received from EDTA
and AgNOs.containing reactions indicate the poor quantity of h* and e reactive species
formation from the CosO4@CNDs catalysts with visible light. A similar trend was observed in
the scavenging for the Co304@CNDs in the presence of UV light-based dye degradation. From
the scavenging study that we performed in visible light, intermediate species that were expected
to contribute to the degradation mechanism are O," >OH™>e">h" (Figures S2.26a and b).
Whereas, in the UV-light-based degradation, the charges that contribute are in the order of Oy
>e>0H>h" (Figures S2.26¢ and d).

For an improved photocatalytic process, the electron mobility must be low enough to
impede the recombination process and accelerate the electrons to reach their active sites [104].
This low electron-hole pair recombination might be the reason for the high degradation
percentage observed in visible than UV-based photocatalysis. But the UV-based degradation rate
is higher than the visible as more electrons contribute to the degradation with UV light, as
observed through this scavenging study. The band gap of CosO4@CNDs is near 2.51, which
might also be the reason for UV's high degradation rate of the photocatalytic activity than the

visible source.
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Mechanism of photocatalytic activity

A possible mechanism of photocatalytic dye degradations over the CosO4s@CNDs hybrid
composite has been proposed based on the photocatalytic studies, as shown in Figure 8. The
high photocatalytic performance in the Cos04s@CNDs might be expected due to their efficient
interfacial charge migration and separation. The literature reported that carbon nanostructures
encapsulating any nanomaterials could have an enhancing effect on photocatalytic activity [68],
[128], [135]. The charge carriers could migrate to the surface of the particles to decompose
organic dyes via this proposed mechanistic pathway (Figure 8). With UV/Visible light
irradiation, firstly, the electrons in the valence band (VB) get excited into the conduction band
(CB), leaving behind holes in the VB of the Co304@CNDs. Generation of the O,” and OH"
radicals lead to dye degradation over the Co304@CNDs hybrid composite under UV/ visible
light irradiation. The carbon shell layers on the Cos04s@CNDs hybrid NPs prevent the electron-
hole pair recombination due to their core-shell morphology with heterojunction interfaces [104],
[135], [136] over the CNDs and Co304 NPs. Hence, the improvement in photocatalytic
performance was attributed to the synergistic effect between the Co304 NPs and CNDs.

While the photon energy is not high enough to excite the photocatalyst to release reactive
charge carrier species, dye degradation occurs through the photosensitization process [91]. When
visible/ UV light is illuminated, the dye molecule gets excited to its excited state (Low
Unoccupied Molecular orbital - LUMO level), generating excess excited electrons there.
Because the LUMO of the dyes is more negative than the CB of the photocatalysts, the
photoexcited electrons move to the photocatalysts from the dye molecules, which might lead to
the generation of reactive charge carrier species to initiate the photodegradation process [91],

[136].
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Figure 8. a. Charge transfer and b. Proposed Mechanism of Photocatalytic process in the
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Charge transfer

The VB and CB edge at the point of zero charges of the semiconductor can be calculated
by the Mulliken electronegativity approach according to the following Eq. 4. and 5. [28]:

Eve = X- Ee + 0.5E4 (4)

Ece= Eve —Eg (5)

where X is the electronegativity, which is the geometrical means of the electronegativity
of the constituent atoms in the semiconductor, Ee is the free energy of a free electron on the
hydrogen scale (NHE~4.5 eV), and Eg is the calculated optical band gap energy of the
semiconductor [28]. The value of [X] is 5.927 eV for Coz04 NPs, which is calculated from the
reported electronegativity values of the atoms present in the NPs (calculations explained in detail
in the SlI). Based on the above Eq. 4. and 5., the CB edge +0.542 and -3.3 eV, and VB edge

+2.312 and -0.4 eV vs. NHE for Co304 and CNDs NPs are calculated respectively from Eq. 4
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and 5. These edge gap results reveal the possibility of electron transfer from CB of CNDs to CB
of Co304 NPs, which is accompanied by narrowing band gap energy and preventing the
recombination of the charge carriers.

C0304@CNDs +hU > h* + ¢ (6)

H,O +h* +e > H" + OH: (7)

O2+e > 0O (8)

Organic dyes (OD) + (OH"/ -O2") - Degraded products 9)
OD +hU > OD* (10)

OD” + C0304@CNDs > Co30:@CNDs () (11)
C0304@CNDs (&) + 02 > ‘07 + *C0o304@CNDs (12)

In the dye degradation process, the oxygen in the air acts as a potent oxidizing agent that
catalyzes the process as an alternative to the existing oxygen donors. CozO4s@CNDs hybrid
composite upon irradiation with visible/UV light sources with hU based reactive species, such as
super hydroxy and oxy radicals (OH~ and ‘O2’), are responsible for effective light-based dye
degradation (Eqg. 6. — 12.), which corresponds with that of the scavenging study (Figure S2.27).
Upon photonic illumination from visible and UV light sources, the dye-reacted species reacts
with the electrons in the lattice plane of Co304@CNDs to form the super oxy (‘O2’) radicals in
the presence of oxygen in the system that further enhance the dye degradation process into
smaller intermediates and then to final byproducts such as CO2 and H20O [47], [51], [137].

Reusability test

The reusability and recovery of a catalyst after the light-based dye degradation catalytic

experiment are vital for their use in industries and on a large scale [138]. The Co304s@CNDs

catalyst was readily separated from the reaction mixture by centrifuging for 20 minutes at 10,000
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rpm and washing with DI water twice. This recovery confirms that the Co30s@CNDs catalyst
can be effectively reused. In this study, the reusability was checked for 3 cycles, and fresh MB
and IC dye solution was used for every process for the photodegradation measurements. Figures
S2.28a and ¢ showed that Cos04@CNDs hybrid NPs maintained their catalytic activity in the
dye degradation study, which suggested good reusability around 72% of MB and 63% of the
C0304@CNDs catalyst after 3 cycles. The data shown in Figures S2.28b, and d indicate no
significant changes in the visible light-based dye degradation with Co304@CNDs hybrid NPs
after 3 cycles compared with that before the recycling experiment at 75 minutes. The efficiencies
are nearly identical in all the runs without any remarkable deviations in the effective percentage.
The variation (1.8%) is only less than 2%, even in the 3rd run.

Moreover, the Cos04@CNDs catalyst recovered from the reaction mixture at the end of
three cycles of visible light-based MB and IC dye degradation was collected and characterized
by XPS, as shown in Figures S2.29a and b, respectively. In the Figures, the catalyst with the
dyes collected after three runs of the light-based experiment is compared with that of the MB and
IC dyes before the recycling experiment and catalyst individually. The results showed that there
is not much variation in the dye structure before and after degradation, which indicated good
stability [139] of the Co304@CNDs catalyst. Hence, high stability and facile reusability of the
C030:@CNDs are observed under visible radiation, confirming that they can significantly assist
the industrial pollutant clear-out on a large scale, making these catalysts promising for their use
in environmental remediation [129].

Discussion
From the photodegradation results, the following observations are revealed: (i) No

degradation takes place without catalyst and light, (ii) under dark conditions, the observed

42



degradation may be due to physical adsorption or chemisorption of MB and IC dyes with
Co304@CNDs, CNDs, and Co304 NPs, (iii) Co304@CNDs exposed to visible light has excellent
photocatalytic degradation efficiency, which degraded 20 mg L* MB (72%) and IC (63%) dyes
in 75 mins because the band gap of CosO4@CNDs lies in the ideal visible region, (iv)
C0304@CNDs exposed to UV light has excellent photocatalytic degradation rate compared to
the visible light due to the wavelength of the light source, which degraded 20 mg L™ MB at a
rate of (2.01+0.05)x102 min"! and IC at (1.92+0.04)x10"2 min™ at 40 minutes itself. (v) The
superoxide reactive oxygen species played an essential role in the visible and UV light-based
photocatalytic dye degradation activity of CosO4@CNDs hybrid NPs, which was inferred
through a proposed mechanism. Thus, we speculate that the difference in degradation rate and
the percentage is mainly due to the type of light wavelength.
Conclusion

In summary, the Co304@CNDs nanocomposite was synthesized by a simple microwave
method. The synthesized NPs were analyzed through XRD, HRTEM, UV, PL, FTIR, Raman,
and XPS spectroscopies. The structural, elemental, and morphological studies with the
comparison analyses confirmed that CosO4 is present in the core-shell structure of the
C030:@CNDs hybrid NPs with CNDs in the shell. The photocatalytic degradation of MB and
IC dye solution of these NPs was carried out under visible and UV light. The Co304s@CNDs
hybrid nanocomposite showed the highest dye degradation efficiency compared with pure Co304
and CNDs under both light irradiations. The heterojunction between pure Co304 and CNDs
reduced the electron-hole recombination ability and improved the visible and UV light
absorption of the nanocomposite. The scavenging experiment demonstrated OH* and O™ are the

active species for the degradation of MB and IC dyes. Based on the scavenging results, a
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mechanism for photodegradation was proposed with edge gap calculations. Therefore, the
C030:@CNDs composite is a promising reusable photocatalyst for dye degradation under both
UV and visible light. In conclusion, the Cos04@CNDs hybrid NPs with a band gap of 2.51 eV
is an appropriate candidate for photocatalytic application, especially in the visible and UV
region. In addition, it finds attractive features like a simple operation, low cost, ambient

conditions, high dye degradation efficiency with both UV and visible sources, and reusable.
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CHAPTER IlI: ELECTROCHEMICAL CHARACTERIZATION ON C030:@CNDS FOR

EVALUATING THEIR USE IN SUPERCAPACITOR APPLICATIONS

Introduction

With the fast-growing technological era and global warming, energy depletion occurs
much faster, leading to exploring for greater capacity storage devices [140]. The need for energy
storage devices, such as supercapacitors, has been gaining immense attention in recent years for
renewable energy [141]. Nanomaterials offer many advantages over traditional bulk materials,
including higher energy storage capacity due to their greater surface to volume ratio [140],
power density [140], and greater cycle life [142]. Nanostructured materials (NSM), such as
carbon-metal oxide composite electrodes, have shown promise toward achieving improved
charge/ discharge capacity and cycling stability for supercapacitor energy storage [143].

An electrical double-layer capacitor (EDLC) involves physically storing energy to
establish an electrical double-layer at the electrode-electrolyte interface for charge storage [144].
To create this electrical layer, a high specific surface area and chemically stable material is
required, which is typically porous carbon[145], such as graphene, activated charcoal (AC),
carbon black (CB), and carbon nanotubes (CNTSs) [144]. A pseudo-capacitor stores electrical
energy through rapid and continuous redox reactions between the electrodes and the electrolyte.
Metal oxides and conducting polymers are commonly used as electrode materials in pseudo-
capacitors, which also can generate high capacitance [145], [146]. The combination of faradaic
and non-faradaic materials as core-shell 0D nanostructures provides significant merits including

improved electrical conductivity, no agglomeration, and better chemical and mechanical stability
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[147]. Therefore, composite electrodes exhibit such advantages as double-layer capacitance and
pseudo-capacitance [147], [148].

Co0304 NPs are one of the most reported metal oxides as they are economical and possess
better conductivity and extremely high theoretical capacitance [145]. However, they still have
some common drawbacks of the metal oxides, such as aggregation causing the low power
density and capacitance to fade [145]. Porous carbon is usually chosen as the electrode material
in commercial products because of the high cost of metal oxides and the poor stability of the
conducting polymers [148]. Carbon nanomaterials such as CNDs, graphene, fullerenes, and
carbon quantum dots (CQDs) were similarly studied for the supercapacitor applications, owing
to their high surface area, inter-particle electrical conductivity, chemical stability, enhanced
mass-transport efficiencies, and earth-abundant non-metal [149]-[152]. These properties can
make them excellent supercapacitors as they can store more energy per unit mass and provide
faster power delivery or conducting catalysts compared to the existing platinum catalyst [153],
[154]. But the CNDs or CQDs could not be used as separate electrode materials due to their poor
electron conductivity and low surface area [155]. Hence, although some promising studies were
performed by using the CNDs in advanced supercapacitors, the applications are still in their
infant stages and are better used with composite materials [155].

In a study by Aboagye et al., the specific capacitance of pure electrospun carbon
nanofibers (E-CNFs) was only 4.6 F/g [156]. The Cyclic voltammetry (CV) curve of the pristine
ECNFs at 5 mV s, scan rate exhibited a long and narrow nonrectangular shape [156]. It
enclosed a minimal area of the loop, suggesting minimal electrochemical double-layer capacitive
behavior, and no significant redox peaks were observed [156]. In advanced research, the

favorable charged sites created by the nitrogen functionalization on the carbon surface can break
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the electro-neutrality present on the graphitic carbon framework, resulting in better
electrochemical activities [157]. These were also expected precisely due to pyridinic and
graphitic nitrogen on the carbon nanolayer surface, exposing the facet planes favoring the
electrochemical properties [158]. By using nanocomposites or zero-dimensional (0D)
nanomaterials alone, supercapacitors can have increased energy storage capacity, improved
power delivery, and better thermal stability [147], [151].

Carbon materials, such as activated carbon, and carbon nanospheres, and transition metal
oxides were combined and formed as hybrid NPs for electrode materials for their use as micro-
supercapacitors [147]. Zhao et al. evaluated core-shell NPs with carbon core and MnO; shell
with an optimized MnO; content (64 wt%), for the capacitance study and found a maximum
specific capacitance of 190 F gt at 0.1 A gt higher than the carbon core (95 F g™%) [147], [159].
Although much research was being carried out with these core-shell hybrid NPs, these materials
might still need an insulating polymer binder to prepare the working electrode, which hinders its
performance [147].

Cobalt oxide-based carbon hybrid materials have been reported with extensive
applications in sluggish electrocatalytic reactions, and energy storage, such as supercapacitors,
[160], [161] and cancer therapy, drug delivery, sensing, and bioimaging [149], [162]-[164].
However, the emerging and challenging need to develop a cost-effective and highly stable
electrocatalyst for energy storage applications has led to extensive research exploring novel
hybrid functional next-generation catalysts [165], [166]. Subsequently, hybrid NPs must be
investigated for their use in energy storage, as supercapacitors are essential to improve the
performance of the devices. Hence, we considered using novel, core-shell hybrid NPs as

Co304@CNDs as an efficient supercapacitor in this work. This research mainly involves
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understanding and investigating a novel, the Co304@CNDs core-shell hybrid NPs comprising
Co0304 deposited on a CNDs matrix for their supercapacitor energy storage applications with
different polymer binders. CV was a basic, quick, and reliable electrochemical technique for
providing valuable information about the electrochemical reactions for supercapacitor
applications and measuring their energy storage as capacitors [75], [167].
Materials and Methods
Materials
Chemicals and reagents, such as cobalt acetate tetrahydrate (Sigma Aldrich), pure
anhydrous ethanol (Sigma Aldrich), 25- 28% ammonium hydroxide solution (Sigma Aldrich),
citric acid (ACROS Organics), ethylenediamine (EDA, Fisher Scientific), and electrodes, such as
silver/ silver chloride (Ag/AgCl) reference, platinum counter, and glassy carbon working
electrode (GCE, Fisher Scientific), and electrolyte, potassium hydroxide (KOH, Sigma Aldrich)
were used. Nafion (Aldrich) and dimethyl formamide (DMF, Sigma), are binders for attaching
any solution to the electrode. Different binders, such as polyvinylidene fluoride (PVDF, Sigma
Aldrich) and polytetrafluoroethylene (PTFE, Aldrich), activated carbons such as activated
charcoal (AC, Aldrich) and carbon black (CB, Fisher Scientific) and N-methyl pyrrolidone
(NMP, Aldrich) were used. All the materials mentioned above were used in this research work
without further purification and analytical grade.
Methods
Synthesis and characterization of Co304s@CNDs hybrid NPs
The synthesis of the EDA-based N-rich CNDs procedure, reported by our group [168],
[169], was modified to form a hybrid NPs with Coz04 as a core in the carbon shell matrix. Since

the reported hydrothermal methods have been time-consuming [170], a facile and reliable
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microwave approach was done to obtain better control over the morphology. Hence, in this
research, CozO4 NPs were synthesized by a simple technique modified [102] using cobalt acetate
tetrahydrate, ethanol, and ammonia. The Co304@CNDs hybrid NPs synthesis was performed to
obtain an easy and convenient approach for obtaining core-shell NPs or a matrix containing
Co0304 and CNDs. After the microwave synthesis, the material was well characterized using the
X-ray diffractometer (XRD), X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, and
Transmission electron microscope (TEM), as discussed in the previous chapters.
Electrochemical workstation

A VMP3 electrochemical workstation was used to perform the electrochemical study of
the C0304@CNDs core-shell hybrid NPs. The electrochemical study was done using a three-
electrode setup system with CosO4s@CNDs core-shell hybrid NPs as the working electrode, a
platinum wire and an Ag/AgCl as the counter and reference electrode, respectively, in 6 molars
(M) KOH solution.

Electrode Modification. CosO4s@CNDs core-shell hybrid NPs were used at 10 mg/mL
concentration and mixed with a binder. The particles were mixed thoroughly and then
ultrasonicated at room temperature for complete mixing and then drop-casted on the top of the
GCE and dried before use. Different binders, such as PVDF and PTFE, were also used and
compared. Conducting materials such as AC and CB were also used in combination and
compared. According to the literature, PVDF and PTFE binders were used to improve the
conductivity of the CosO4@CNDs core-shell hybrid NPs to that of the Nafion and DMF binder.
Optimization was done to find out the best concentration of Co304@CNDs core-shell hybrid NPs
and binders. Coz0s@CNDs core-shell hybrid NPs, PVDF binder, and AC were mixed in a ratio

of 6:1:3 and dissolved in 1 mL of N-MP. The mixture was ultrasonicated at room temperature
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and thoroughly mixed. Then the slurry was drop-casted on the top of the GCE and dried at 80°C.
Co304@CNDs core-shell hybrid NPs, PTFE binder, and AC were mixed in a ratio of 6:1:3 and
dissolved in 1 mL of N-MP. CB was also tried by replacing AC in the above slurry preparation
to find which conducting material combination is best with Co304@CNDs core-shell hybrid NPs
for better capacitance. Also, different ratios of these slurry materials were tried, such as 6:1:3,
7:1.5:1.5, and 8:1:1 were also attempted, optimized, and compared. The capacitance was

calculated according to the formula as shown below:

1 v+
* f 1dv
v—

€= v x AV

Where C, v, AV, v, v*, and | are capacitance, scan rate, voltage interval (e.g., -1 to +1),

lower voltage (e.g., -1), lower voltage (e.g., +1), current value from the data [171].
Results and Discussion
Electrochemical measurements using Cyclic voltammetry

The electrochemical studies of the different electrodes prepared were conducted using the
CV. Figure 1 displays the capacitance plot results from the CV obtained using the Co304s@CNDs
core-shell hybrid NPs with Nafion (a) and DMF (b). The CV curves of the Coz0s@CNDs core-
shell hybrid NPs with Nafion (Figure 1a) and DMF (Figure 1b) within the scan range -1 to +1
V, corresponding to redox activities of Co304 and CNDs in 6M KOH solution by a
characteristic, but a weak quasi-rectangular shape with redox reversibility.

Figure 9a had better redox reversibility than Figure 9b suggesting that the CV of the
C030:@CNDs core-shell hybrid NPs with Nafion solvent was better than that with the DMF. It
was obvious from these measurements that the binders played an important role in determining
the capacitance properties of the Cos04@CNDs core-shell hybrid NPs. Although DMF being a

good solvent to improve ionic conductivity, some literature reports that the DMF affected the
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capacitance properties compared to nafion, as they narrowed their electrochemical stability
[172]. Figure 9c showed the CV plots of Co304 NPs only for comparison. The CV of Co304 NPs
shows a characteristic plot with more oxidation current, which is basically due to the reaction of
the oxides on the surface of the particles with the electrolyte, and the quasi-rectangular shape is
not proper. The improper redox reactions might be expected due to the general characteristic
attribute of these Cos0O4 NPs where their capacitance usually begins to fade with their low power
density due to their strong oxidizing ability, as reported in the literature [145].

Figure 9. CV plot for the capacitance of Cos04@CNDs core-shell hybrid NPs with Nafion

(a) and (b) DMF electrolytes and (c) CV plot for the capacitance of Co3O4 NPs
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Figure 10. CV plots for capacitance determination of Cozs04@CNDs hybrid NPs with

PVDF and CB ata. 6:1:3, b. 8:1:1, and 7:1.5:1.5
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Figure 10 a-c represented the CV plots for capacitance determination of Co30s@CNDs
hybrid NPs with PVDF and CB at a. 6:1:3, b. 8:1:1, and 7:1.5:1.5. To get the better
electrochemical performance of the Co30s@CNDs hybrid NPs, PVDF and carbon black with the
Co304@CNDs hybrid NPs were evaluated at different ratio combinations to optimize the better

performance. Although the shapes were different in all the 3 CV graphs, the results suggested a
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clear idea that the PVDF binder at a 7:1.5:1.5 ratio showed better performance than the other
ratios used. The better electrochemical properties of the PVDF binder and CB combined with the
C030:@CNDs hybrid NPs significantly improved the capacitance value than the one obtained by
using just Nafion. From the literature evidence, the Nafion had a negative impact by reducing the
energy storage capacity because the working electrodes prepared with Nafion are less
mechanically stable, and aggregates as large micelles with the hydrophobic surface with their
higher internal resistance, which can further inhibit the capacitance [173], [174]. These reasons
might be the reason for the negligible capacitance value obtained from Figure 9a, and thus
combining CosO4s@CNDs hybrid NPs with other polymer binders had been proved better.
Figure 11 a-c represents the CV plots for capacitance determination of Co30s@CNDs
hybrid NPs with PTFE and CB at a. 6:1:3, b. 8:1:1, and 7:1.5:1.5. To get the better
electrochemical performance of the Coz04@CNDs hybrid NPs, PTFE and CB with the
C030:@CNDs hybrid NPs were evaluated at different ratio combinations to optimize the better
performance. Although the shapes were different in all the 3 CV graphs, the results suggested a
clear idea that the PTFE binder at a 6:1:3 ratio showed better performance than the other ratios
used. The better electrochemical properties of the PTFE binder and CB combined with the
Co030:@CNDs hybrid NPs significantly improved the capacitance value than the one obtained by
using just Nafion. But the PTFE mixture showed comparatively less performance than the PVDF
one. Faradaic peaks were more prominent for electrodes prepared with the PVDF binder,
followed by PTFE and Nafion. These properties are due to the decreased resistance for the ions
desorption which reduces the capacitance, energy storage capacity, and the higher Fardaic

contribution [174].
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As a result, fewer ions might get adsorbed at the porous interface of the Cos04@CNDs

hybrid NPs. Hence, the capacitance values also declined for PTFE and Nafion as the electrolyte

ions penetrate deep inside the pores in the PVDF binder mixture. Thereby, the PVDF with CB

mixture improves the electron transfer at the electrode/electrolyte interface and facilitates

pseudocapacitive charging of the Co304@CNDs hybrid NPs [174].

Figure 11. CV plots for capacitance determination of CosO4@CNDs hybrid NPs with PTFE

and CB ata. 6:1:3, b. 8:1:1,and 7:1.5:1.5
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Figures 12 a and b represent the CV plots for capacitance determination of
C0304@CNDs hybrid NPs with AC mixtures using PVVDF and PTFE as binders. Replacing the
CB with AC yielded comparatively better capacitance values for the Coz04@CNDs hybrid NPs.
The capacitance calculated for the Coz04@CNDs hybrid NPs, PVDF, and AC mixture at the
6:1:3 ratio was 7.6 F/g, better than all the other binder mixtures. AC possesses superior specific
surface area and porosity [175] than the CB which caused the capacitance of the Cos04s@CNDs
hybrid NPs mixture to increase tremendously.

Figure 12. CV plots for capacitance determination of CosO4s@CNDs hybrid NPs with AC

mixtures at a 6:1:3 ratio using PVDF and PTFE as binders
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Discussion

The specific capacitance obtained from the CV curves followed the following trend:
PVDF > PTFE > Nafion (Table 1). Maximum specific capacitances obtained for PVDF, PTFE,
and Nafion binders were 7.6686, 0.3903, and 0.0225 F/g. The CV results showed that
Co304@CND core-shell hybrid NPs, PVDF binder, and AC used in a 6:1:3 ratio had a better

capacitance of 7.6686 F/g than all other nanocomposites. The 6:1:3 ratio was the best
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combination of slurries that can be used for this capacitance study. Slurry preparation

optimization studies were carried out, and the results have shown that the Co304s@CNDs core-

shell hybrid NPs, PVDF binder, and AC are the better combination that can be used. The specific

capacitance values were calculated and analyzed with this combination. The results showed that

the capacitance was 7.6686, 6.9649, and 7.0920F/g in 3 repeated trials. Hence, our results also

confirm that most carbon shells are reactive in the Co304s@CND core-shell hybrid NPs.

Table 1. Comparison of the CV plots of the capacitance values with the respective ratios of

binders and activated carbons

S.No | Ratioused | Binder Conducting material used Capacitance
used AC CB of
C0304s@CNDs
(F/g)
1. Nafion 0.0225
2. DMF 0.016
3. 7:1.5:1.5 PVDF CB 1.1456
4. 8:1:1 PVDF CB 0.3337
S. 6:1:3 PVDF CB 2.7822
6. 6:1:3 PTFE CB 2.7081
1. 8:1:1 PTFE CB 0.6418
8. 7:1.5:1.5 PTFE CB 0.84
9. 6:1:3 PVDF AC 7.6686
10. 6:1:3 PTFE AC 0.3903
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Table 1 showed the calculated comparison values with different binders and activated
carbons. The CV plots of Coz304@CNDs core-shell hybrid NPs, prepared with PVVDF binder and
AC slurry in a 6:1:3 ratio, were found to be in a quasi-rectangular shape which might be
expected because of the shell containing the CNDs inferring that mostly the electrochemical
double layer capacitance [151], [176], [177] was observed in the CV plots. The CosO4 NPs inside
the core might not be very reactive or not contribute enough to the electrochemical properties
because of the carbon shell around them while present in the core-shell matrix. The size of
C030s@CNDs core-shell hybrid NPs measured by TEM was 16.6+3.7 nm with core size ranging
from 7-10 nm and shell size ranging from 5-10 nm., as reported in the previous chapter. The size
of the core formation is expected to be based on the combination of two or three Co304 NPs
inside the core, and that of the shell is based on each particle's core. Also, the size of the core of
the C0304 NPs used for the synthesis was 3.0+1.0 nm, and the reported size of E-CNDs was 5
nm.

The literature studies have shown that 3D nanostructured materials electrodes have a
higher surface area, larger surface-to-volume ratio, and better structural stability over 0D, 1D,
and 2D NSMs [178]. So, the less value of specific capacitance might be due to the 0D nature of
the core-shell hybrid NPs with less surface area and porosity. Literature has suggested that the
porous layers of carbon nanomaterials are often poorly porous or not easily accessible to
electrolytes, and the mesoporous nature might contribute to the electrical double-layer capacitor
[151]. The significant factors contributing to the carbon nanomaterials reported were high
surface area, electrical properties, and porosity [147], [151]. The Co3O04@CNDs core-shell
hybrid NPs might not have enough surface area, electrical properties, and porosity to contribute

to the conductivity to use them for energy storage applications with their properties. Hence, our
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results also confirm that most carbon shells are reactive in the CosO4@CNDs core-shell hybrid
NPs. These capacitance values were mainly attributed due to their morphological arrangement
and as the CosO4 NPs were entirely enclosed inside the carbon shell, which might have made
them less or not reactive. So, it can be mainly attributed to the carbon shell region, PVDF binder,
and AC used in the slurry preparation, and a minimal contribution from the Co304 NPs in the
core.

In correlation with the literature studies reported, very low specific capacitance is one of
the significant disadvantages of these core-shell 0D NPs [150]. The Coz04s@CNDs core-shell
hybrid NPs possessed fewer electrochemical properties for energy storage applications, which
might be ascribed due to their 0D nature. 1D, 2D, or 3D nanomaterials generally have a better
electrochemical, electrical, high surface area, and porosity than core-shell NPs, usually OD. In
contrast, the 0-D materials possess high electrical resistance due to the grain surface and the
boundaries [179]. They can be combined with 1D, 2D, or 3D nanomaterials or platinum NPs to
make them be used as an efficient material for energy storage applications such as
supercapacitors, ORR, etc., they can be simply combined with either silver nanowires, platinum
NPs, or CNFs, or CNTs and can be evaluated for their electrochemical performance. Adding 0D
nanomaterials to 1D or more dimensional materials increases the surface area of the material,
allowing for more efficient energy storage. The increased surface area also reduces the internal
resistance of the supercapacitor, leading to improved power delivery. Furthermore, combining
different components improves thermal stability, which is beneficial for cyclic charging and
discharging. Then these materials exhibit a higher specific capacitance, significant rate

capability, and high cyclic stability due to the surface interactions, electrical properties, porosity,
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chemical and mechanical stability, and ionic conductivity as reported in the literature [179].
Table 2 showed the capacitance comparison values from different literature studies.

Table 2. Comparison table for the capacitance of core-shell hybrid NPs reported

S.No. Material Type Dimensionality | Capacitance | Reference
1. E-CNFs Nanofibers 3D 4.6 [156]
2. CNTs/PANI Composite fiber | 3D 38mF/cm? [151]
3. Se@AQg2Se Core-shell NPs 1.6pF [177]
4. Se@ZnSe Core-shell NPs 40.1pF [177]
5. Se@CdSe Core-shell NPs 44.2pF [177]
6. SiIO2@BSA Core-shell NPs 5.4 pF [180]
7. Co0304@CNDs | Core-shell NPs 7.6 This work
Further works

Galvanostatic charge/discharge experiments can be carried out, and their specific
capacitance can be calculated and compared with the CV results. EIS can be done to study the
charge-transfer resistance that can contribute to the capacitance. The porosity of the
C0304@CND core-shell hybrid NPs can be determined through the BET surface area analyzer
gas adsorption, gas expansion, scanning electron microscopy (SEM), or TEM [181]. TEM has to
be done for the CosO4@CNDs core-shell hybrid NPs, prepared with PVDF binder and AC slurry

in a 6:1:3 ratio to understand their extent of porosity.

59



Conclusion

This study evaluated the CozO0s@CNDs with different binders and ratios with different
activated carbon mixtures for the capacitance performance. The capacitance for the
C0304@CNDs core-shell hybrid NPs was calculated as 7.6 F/g. Although this value is less, it is
better among the literature studies reported for the core-shell NPs. As there was not much stated
on using the small NPs for the capacitance studies, these NPs could be used as an additive
mixture to support any 1D, 2D, or 3D materials and increase their respective capacitance due to
the hybridization. These preliminary study results were concluded with the hope that these
C0304@CNDs core-shell hybrid NPs might work better with some support materials. Further
future studies with these CosO4s@CNDs core-shell hybrid NPs with support materials answer the

existing gaps in this study.
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CHAPTER IV: MULTIFUNCTIONAL CORE-SHELL COBALT OXIDE @ CARBON

NANODOT HYBRID CONJUGATES FOR IMAGING AND TARGETING A549 CELLS

Introduction

Carbon nanodots (CNDs) are amorphous, quasi-spherical luminescent carbon NPs with
various surface functional groups, which provide excellent water solubility and could be easily
functionalized for numerous applications [182]. Their remarkable optical properties, such as
enhanced optical fluorescence, photostability, and excitation-dependent emission, combined with
their other striking features, including low toxicity, made them a potential candidate for
biological applications [183], [184]. The carbon core and surface functional groups are attributed
to their improved biocompatibility and renal clearance [182], wherein their high
photoluminescence and resistance to photobleaching and rapid penetrability to the nucleus of the
cells make them a remarkable diagnostic tool for cellular bioimaging [185], [186]. CNDs are
widely tested as a bioimaging probe [185], [186], antioxidant [80], [81], [187], anticancer agent
[188], and nanodrug carriers as drug delivery vehicles to increase anticancer drug efficacy for
effective targeting in current research studies, including our lab work [189]-[191]. Nevertheless,
the delivery research using multifunctional CNDs as a bioimaging agent and vehicle for active
targeting of anticancer drugs is expected to serve the booming thrust in theranostic research.

Semiconductor cobalt oxide NPs (CosO4 NPs) are of high stability and
multifunctionalities in a variety of applications, such as in sensing, magnetic resonance imaging,
and biomedicine, e.g., antioxidant, anticancer, and drug delivery [192]-[194]. The optoelectronic
properties of Co304 NPs have made them inquisitively significant for biological applications

[195] including antibacterial [194], antioxidant [196], and anticancer activities [197]. Albeit
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these applications, Co304 NPs possess significant toxicity in their ionic form, and their synthesis
approaches are challenging as they generally require more energy and time-consuming
techniques [31], [195] These notable toxicities of metal oxide nanomaterials are commonly
tackled by combining them with carbon materials through some surface functionalization
techniques [4], [198]. The CosO4 NPs have also been researched for use as diagnostic agents and
targeted drug delivery by surface functionalization with ligands or other small molecules, or
conjugated anticancer drugs [31], [195], [199].

Nanomaterials can be designed and tuned flexibly, an immensely beneficial feature in
developing multiple nano-bio interactions with a single composite system [87]. Core-shell NPs
have been researched as theranostic tools for detection, imaging agents, and cancer-specific
targeting [200]. They show various advantages by introducing multifunctionalities, such as fast
pharmacokinetics, improved accumulation at the target sites, and enhanced efficacy [201].
Compared with conventional anticancer drugs, the specific targeting nanomaterial-based systems
could reduce the toxicity to healthy tissues by increasing their bioavailability and efficiency to
cancer cells passively or actively [87], [200]. To date, there is a critical need for designing and
synthesizing multifunctional NPs for greatly improved cancer diagnosis, imaging, and treatment
strategically.

Lung cancer spreads more rapidly in humans than in any other cancer, leading to early
death within 5 years of diagnosis in 85% of patients, thus being the leading cause of cancer
deaths [202]. Histologically lung cancer (LC) cells are classified as non-small cell LCs
(NSCLCs) and small cell (SCLCs), amongst which NSCLCs account for 85% of the total LC

patients. A549 cancer cells are lung adenocarcinoma cell lines, falling under the significant class
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of NSCLC, so developing a theranostic drug against them is essential via passive and/or active
targeting multifunctional nanomaterials-based drug delivery [84], [203].

The passive targeting process attempts to augment the nanomaterials accumulation
through enhanced penetration and retention (EPR) in the tumor tissues, and the active targeting
process necessitates conjugating specific ligands on nanomaterials for tumor receptors [85].
However, passive targeting is ineffective in many cases, as the tumor cells usually have a leaky
vasculature, where the nanomaterials could leak through. As a result, the EPR effect might not be
achieved effectively. Active targeting process may address this issue by loading anticancer drugs
and binding ligands to nanomaterials to provide strong affinity and specificity to tumor cells
more precisely [87], [204]. Generally, tumor cells have specific target molecules called receptors
attached to the cell surface, while normal cells don’t. These receptors possess a high affinity to
certain specific molecules called ligands. The tumor microenvironment may contain overly
expressed receptors such as EGFR (Epidermal growth factor receptor), FR (Folate receptor),
CDA44 receptors (Cluster of Differentiation), CD71 (Transferrin), luteinizing hormone release
hormone (LHRH), adenosine triphosphatases (ATPases), and chemokine receptor type 4
(CXCR4) [84]. Ligands are substances that can target these receptors with high affinity, once the
targeting materials containing the ligands reach the specific tumor sites [205]. The active
targeting strategy using the ligands conjugated nanomaterials to bind overexpressed receptors on
the cancer cell surfaces renders site-specific delivery drugs for tumor treatment [84], [87], [205],
in general, by facilitating endocytosis and inhibiting the multi-drug resistance (MDR) effect of
tumor cells [23], [28], [31]. Specific ligands that can be used for targeting lung cancer receptors
include some small molecules such as folic acid (FA), transferrin (Trf), polymers (Polyethylene

glycol-PEG, polyvinyl pyrrolidone — PVP, and silica NPs), and heparin (Hep) [84], [203], [205].
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These molecules can be conjugated with nanomaterials or anticancer drugs effectively. Heparin,
and PEGylated silica-based NPs, coupled with fluorescent dyes, are also used as ligands to
increase the bioavailability, and target the A549 cells through energy-dependent endocytosis
reactions [188], [206]-[208]. Successful use of these ligands to combine with the nanomaterials
and anticancer drugs such as doxorubicin, curcumin, paclitaxel, and cisplatin was reported to
have better targeting to the cancer cells and improved bioavailability [190], [203], [205]. Cross-
linking chemistry is a common strategy for coupling ligands with NPs via covalent conjugation
of amidation reactions and increasing their water solubility and conjugation efficiency [209]-
[213].

In this work, we synthesized core-shell cobalt oxide @ CNDs (Co304@CNDs) hybrid
NPs using a simple microwave-assisted synthetic method [169]. The hybrid NPs are
advantageous for biological studies by offering photoluminescence (PL), high biocompatibility,
small size, and controlled morphology. These advantages render them multifunctionalities as
effective bioimaging and delivery agent. In this research, the hybrid NPs were conjugated with
an anticancer drug, DOX, to increase their therapeutic effect, and various ligands, i.e., folic acid,
heparin, transferrin, or other molecules specific to A549 cancer cells for a comparison study of
their biocompatibility, targeting specificity and cytotoxicity.

Materials and Methods
Materials

Chemicals, including cobalt acetate tetrahydrate (Sigma Aldrich), pure anhydrous ethanol
(Sigma Aldrich), 25- 28% ammonium hydroxide solution (Sigma Aldrich), citric acid (ACROS
Organics), ethylenediamine (EDA, Fisher Scientific) and deionized (DI) water, dyes, such as

Alamar blue (Thermo-fisher), Mitotracker red CMXRos (Thermo-fisher) and DCFH-DA (Sigma
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Aldrich) were used in this work. Solvents, such as paraformaldehyde (FisherSci), Phosphate
buffered saline (PBS) (Thermo-fisher), triethanolamine (Fisher Scientific), formamide (Sigma
Aldrich), anhydrous dimethyl sulfoxide (Thermofisher), and ligand molecules and agents,
including Folic Acid (FA) (Alfa Aesar), Bovine Serum Albumin (BSA, Sigma Aldrich),
Doxorubicin (DOX, Fisher Sci), Heparin (Sigma Aldrich), Rhodamine (Sigma Aldrich),
Polyvinyl pyrrolidone (PVP, Sigma Aldrich), Polyethylene glycol (PEG, Alfa Aesar), Tetra ethyl
ortho silicate (TEOS, Sigma Aldrich), Transferrin (Trf, Sigma Aldrich) were used without
further purification. EAhy926 and A549 cells were purchased from ATCC. Cell culture media,
Dulbecco's Modified Eagle Medium (DMEM), and Ham's F-12 Nutrient Mixture (F-12K
medium) were purchased from ATCC, whereas fetal bovine serum (FBS, Fisher Sci), penicillin-
streptomycin, Pen-Strep (Thermo-fisher), and TrypLE buffer (Thermo-fisher) were used for the
cell studies. All the materials mentioned above were used in this work without further
purification and are of analytical grade.
Material Synthesis

Synthesis of Co30s@CND hybrid NPs

Co0304 NPs were synthesized first. Briefly, cobalt acetate tetrahydrate and absolute
ethanol were used as precursors to synthesize Coz04 NPs and then mixed and stirred with
ammonia by following a reported procedure [102]. Then the content was transferred to a
microwave synthesizer (CEM Corp 908005 Microwave Reactor Discovery System). under a
pressure-controlled, sealed environment with 300 W power, 100 psi pressure, and 150°C
temperature for 30 minutes. These particles were collected, purified at 10,000 rpm for 10
minutes, dried under the furnace at 80°C, and labeled as C03O4 NPs. These Co3O4 NPs were used

to synthesize core-shell hybrid NPs by following our established CNDs synthesis procedure
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[169]. This simple microwave method without using any organic solvents produced core-shell
C0304@CNDs hybrid NPs. CNDs alone were also synthesized for comparison of the
characterization and cell studies.
C0304@CND hybrid NPs conjugation with FA-BSA-DOX

FA-BSA conjugation was carried out for effective attachment of FA to the Co30,@CND
hybrid NPs by EDC-NHS-based cross-linking reactions using a reported procedure [214].
Afterward, the product with FA and BSA was stirred for 24 hours. Then the FA-BSA complex
was collected and dialyzed with 1 kDa membrane for three days to obtain purified particles and
freeze-dried. Co304@CND hybrid NPs (5 mg in DI water mixed by sonication) and the FA-BSA
complex dispersed in PBS solution (pH = 7.4) were added and stirred for 24 hours again. The
final brown product was collected and dialyzed in a 1 kDa membrane for three days. The
residues were then dried using a freeze-dryer (Labconco Free Zone 6 Freeze-Dryer) and labeled
as FA-BSA-C0304@CNDs.

The DOX was loaded onto the FA-BSA-C0304@CND hybrid NPs by mixing [214],
[215]. Firstly, 2 mg of the FA-BSA-C030:@CND hybrid NPs were dispersed in 10 mL of PBS
solution by sonicating for 1 h to disperse thoroughly. Then 1 mg of DOX was added and stirred
for 24 h in a dark condition. The excess of uncombined DOX was removed through
centrifugation at a speed of 10,000 rpm. The precipitate was washed several times dialyzed with
a 1 kDa membrane for 24 hours and freeze-dried. The dried products were labeled as FA-BSA-

Co0304@CNDs-DOX. The DOX drug loading capacity was calculated using Eq. 1:

Weight of the drug,DOX in C0304@CNDs NPs
Weight of Co0304@CNDs NPs

Dox loading ratio = X 100% 1)
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C0304@CND hybrid NPs conjugation with Hep-DOX

C0304@CNDs-Hep was prepared using a method of self-assembly and graft
copolymerization technique using a reported procedure where heparin was grafted on the surface
of the Cos04@CNDs by the amide bond formation between them [188]. Firstly, Hep (0.5 g) was
first dispersed in 10 mL formamide, then 205 mg EDC and 115 mg NHS were added and stirred
for 12 h in a dark place. Then, the obtained colorless solution was filtered by a 0.22 um syringe
filter to remove any residues, and the solution was precipitated by acetone. After drying the
precipitates at 60 °C for 24 h, a light white sticky solid was obtained, labeled as Hep-NHS.

The Hep-NHS (0.3 g) was dispersed in 5 mL formamide and 5 mL anhydrous dimethyl
sulfoxide and then mixed with 50 mg Co304s@CNDs and 1% triethanolamine. All these contents
were stirred for 12 h in the dark. Then the solution was precipitated with acetone and the residues
were collected. The collected residues, CosO4s@CNDs-Hep, were washed with ethanol to remove
unbound Hep. Finally, the Coz04@CNDs-Hep solution was dried by freeze-dryer and stored at -
20 °C before use.

DOX was loaded onto the CozO4s@CNDs-Hep by dialysis method [188]. C0o30s@CNDs-
Hep (0.2 mM) was dispersed in DI water by ultrasonication at RT. DOX (0.1 mg/mL) was added
into the yellow Coz04@CNDs-Hep solution and stirred for 12 h in a dark place. After thorough
mixing, the solution was dialyzed (1 kDa) against DI water for 48 h. DOX drug loading capacity
on Hep-Coz04@CNDs was calculated by using Eq. 1.

Co304@CND hybrid NPs conjugation with PVP, PEGylated silica, and Rhod

C030:@CND hybrid NPs conjugation with PVP-SiO2-PEG-Rhod was done by

modifying a reported procedure [208], [216]. Accordingly, a 10% aqueous ethanolic solution of

PVP (50 mg PVP in 10 ml of ethanol) was added firstly to the Co304@CND hybrid NPs for
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improving the chemical stability. The PVP-stabilized Coz0s@CND hybrid NPs were then
separated by centrifugation at 10,000 rpm for 30 minutes by washing with acetone, and re-
dispersing with ethanol. Then, 3-aminopropyltriethoxysilane (APS) and rhodamine B (Rhod)
were mixed in the dark to yield trimethoxy silane (TMS) with Rhod. A solution of TEOS and
Rhod-modified TMS with a molar ratio of 0.3/0.04 was added dropwise into the ethanol solution
of PVP-stabilized CosO4s@CNDs NPs. Ammonia solution (0.86 mL; 30 wt% by NH3) was
injected as a catalyst in the reaction to yield PVP-C030s@CNDs-SiO2-PEG NPs with Rhod dye.
These particles were washed and precipitated with ethanol by centrifugation at 10000 rpm for 50
mins. The separated hybrid NPs (45 mg) were again dispersed in 10 mL of absolute ethanol and
mixed with 125 mg of 2- [methoxy (polyethylene oxy) propyl] trimethoxy silane (PEG-Si
(OMe)s; 0.02 mmol) at pH12 (adjusted with ammonia) for improving their biocompatibility. The
final product, PVP-C0304@CNDs-SiO2-PEG-Rhod simply labeled as Coz04@CNDs-Rhod, was
collected by washing and centrifuging with ethanol at 10,000 rpm for up to 60 minutes.
C0304@CND hybrid NPs conjugation with Trf-DOX

This conjugate was synthesized by linking the Cos04s@CNDs with EDC and NHS cross-
linking reactions by covalently coupling carboxyl groups to primary amines [209]. The stepwise
procedure was described below.

Firstly, Co304@CNDs (3 mg) dispersed in 2 mL of PBS, pH 7.4, were added with EDC
(6.7 mg) stirred at room temperature. After 30 minutes, a 1 mL PBS solution of 4 mg mL™! NHS
was added to the above solution, and the mixture was stirred for another 30 minutes. Then 1 mL
of 8 mg mL™* PBS Trf solution was added dropwise and stirred the mixture for 2 hours at room
temperature. The reaction mixture was then collected and purified using a 1 kDa dialysis

membrane. The conjugated Coz04@CNDs-Trf NPs were collected. One half was dried using
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freeze-drier, and the other half was used for the DOX conjugation without further treatment
[217].

Then, in the Cos04s@CNDs-Trf conjugate solution, EDC (6.7 mg) was added and stirred
for 30 minutes at ambient temperature. Then, NHS (4 mg) was added and stirred again for
another 30 minutes. Then, a solution of DOX (2 mg) in DMSO (0.1 mL) and DI water (1.0 mL)
was added and stirred for two more hours. The final product was then purified by dialyzing using
a 1 kDa membrane for three days. Co30s@CNDs-Trf-DOX conjugates were then freeze-dried
and stored at -20°C for further characterization and cell viability studies [209]. DOX drug
loading capacity was calculated for the Co304@CNDs-Trf-DOX by using Eq. 1.

Characterization

The morphology of the Coz0s@CNDs hybrid NPs and all other synthesized NPs, such as
FA-BSA-C030:@CNDs-DOX, Hep-C0304@CND-DOX, Co304@CND-Rhod, and
C030:@CND-Trf-DOX hybrids were characterized and compared using transmission electron
microscopy (TEM, Carl Zeiss Libra 120 Plus). The ligand-attached synthesized NPs were also
studied to understand their changes in the structures and optoelectronic properties after
conjugation, by comparing them with their counterparts, including FA, FA-BSA, FA-BSA-
C0304@CNDs, Hep-NHS, Hep- Coz04@CNDs, Trf, Trf-Cos04@CNDs, DOX, and
C030:@CNDs. The characterization studies, such as Ultraviolet (UV) - Visible absorbance
(Agilent), photoluminescent, PL (Horiba Spectrophotometer), Fourier Transform Infra-Red
(FTIR) spectroscopies (Varian 670), and Malvern Zeta sizer — dynamic light scattering (DLS,
Malvern Instruments ZEN3600) were performed for each of the synthesized NPs and their
respective individual counterpart elements for evaluating their optical, structural, and surface

charge properties for using them as an effective anticancer agent.
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Cellular studies

Cell-culture

EAhy926 endothelial and A549 adeno-carcinomic lung epithelial cell lines were cultured
in a DMEM and F-12K medium-containing 10% Fetal Bovine Serum (FBS) and 1% Pen-Strep
and are grown in a CO; incubator (5%) at 37°C. After cultured and grown, these cells are
passaged with Tryp LE/EDTA and cultured for further measurements.
Cellular uptake and Subcellular Localization analysis of Co304@CNDs hybrid NPs

Cellular uptake and sub-cellular localization of the Co304@CNDs hybrid NPs and CNDs
were studied and compared through confocal microscopy. Firstly, 1x10° cells were seeded on
coverslips and placed in 12-well plates. EAhy926 and A549 cells were treated with
C030:@CNDs hybrid NPs and CNDs at concentrations of 0, 0.4, and 0.8 mg/mL in designated
wells, respectively. After 20-24 hours of treatment, the cells were fixed with paraformaldehyde
and then stained with Mitotracker red CMXRos dye (0.2 uM for EAhy926 and 0.1 uM for A549
cells, 10 mins, 37 °C, Molecular Probes, Aex/Aem at 579/599 nm) to stain the actin filaments in the
mitochondria. Cells were washed with PBS twice before imaging. CozO4s@CNDs hybrid NPs
and CNDs with concentrations of 0, 0.4, and 0.8 mg/mL were imaged at oil immersion 63X
using a confocal microscope to verify the viability and uptake in EAhy926 and A549 cells. The
sub-cellular localization of the dye and the NPs was observed by simultaneously imaging the
cells on the coverslips for the CosO4s@CNDs hybrid NPs (with 0.4 mg/mL concentration).
Imaging was performed under Zeiss Z1 Spinning Disk confocal microscope with Rhod channel
for the mitochondrial layers in the cells and DAPI channels for the hybrid NPs using a higher
magnification, 100X oil immersion objective lens for a deeper understanding of the sub-cellular

localization. The concentrations of the NPs and Mitotracker Red were optimized to exclude
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interference. Co304 NPs do not have much fluorescence in cells, and they were not used for
comparison in this study.
Intracellular antioxidant measurement

The dichloro fluorescein diacetate (DCFH-DA) assay monitors the intracellular reactive
oxygen species (ROS) levels in EAhy 926 and A549 cells, where the DCFH-DA acts as an
oxidative stress and hydroperoxide probe [218]. Firstly, 1x10* cells were seeded in a 96-well
plate and cultured for 24 hours. Then the cells were treated with different concentrations of
C030:@CNDs hybrid NPs, Coz04 NPs, and CNDs for 24 hours, such as 0 - 0.8 mg/mL. The
cells were washed twice with 1X PBS, and 10 and 20 uM of DCFH-DA probe in FBS-free media
was added to the treated EAhy926 and A549 cells, respectively. After incubating for 30 minutes
at 37 °C, the cells were washed twice with 1X PBS to remove the dye interference and then
replaced with 1X PBS for the measurement in the plate reader. The cells with PBS were
incubated at 37 °C for 5 minutes, and the fluorescence intensity was measured at A of excitation
485 and emission 530 nm. These measurements measure the oxidation of DCFH-DA to DCF due
to intracellular ROS generation. As controls, the cells without NPs treatment and the NPs treated
cells with no DCFH-DA are used. Cells treated with ascorbic acid (AA), a powerful antioxidant,
were compared as a negative control. The normalized fluorescence intensity from the plate
reader measurements was calculated by subtracting with the blank (no dye-treated cells).
Biocompatibility and Cytotoxicity studies

A viability assay was performed using the Alamar blue test. Percentage viability was
carried out for the CosO4@CNDs hybrid NPs and compared with their counterparts, CozO4 NPs,
and CNDs in both the EAhy926 and A549 cells. Briefly, 1x10* cells were seeded in every well

in a 96-well plate with the DMEM and F12K complete media and incubated for 24 hours. Then
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the cells were treated with different concentrations ranging from 0 - 0.8 mg/mL of
Co304@CNDs hybrid NPs, Co304 NPs, and CNDs for 24 hours. As a control, the cells without
NPs and the respective concentrations of NPs without cells were used for studying the extent of
cytotoxicity in the cells. The Alamar blue assay quantitatively determines cell viability, assessed
by their metabolic reactions. When Alamar blue was added to the cells, its oxidized form
penetrates through the cytosol, thereby reducing the mitochondrial activity by accepting
electrons from enzymes such as NADPH, FADH, FMNH, and NADH, as well as from the
cytochromes [219]. The measurements were read on a plate reader at wavelengths of excitation
at 560 and emission of 590 nm, representing the number of living cells. The percentage of viable

cells was calculated using Eq. 2,

Fl(treatment)- Fl(blank)

Viability(%) - Fl(control)- Fl(blank) (2)

where Fl is the fluorescence intensity. The percentage viability of all the synthesized NPs
of Coz04@CNDs hybrids with ligand and DOX conjugation was determined using the same AB
assay protocol by comparing with the respective ligands, DOX, and CosO4@CNDs hybrid NPs
without conjugation to compare their biocompatibility and cytotoxicity in EAhy926 and A549
cells, respectively. Also, the counterparts, such as FA, FA-BSA, FA-BSA-C0304@CNDs, Hep-
NHS, Hep-Co30:@CNDs, Trf, Trf-Coz04@CNDs, DOX, and Coz04@CNDs were compared in
the viability studies in EAhy926 and A549 cells to understand the anticancer activity of the
ligands better. The effective drug dosage, 1Cso, was 4 mg/mL in a reference stated, and a
maximum concentration of 0.4 mg/mL (1/10th of 1Csp) was chosen in their cell studies [206].
Similarly, in our study, we used higher concentrations of Coz0s@CND hybrid NPs conjugated
with the ligands, such as 0, 0.1, 0.2, and 0.4 mg/mL, to measure their extent of biocompatibility

and cancer-targeting effect safely.
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Data Analysis

Each assay was carried out with three independent experiments. The confocal
microscopic images were analyzed using Axiovision 4.8 and ImageJ software. The mean and
standard error (SE) were calculated, and the data and their respective significant difference were
analyzed using Microsoft Excel. An asterisk was indicated for significance at probability, P <
0.05 compared to the 0 mg/mL from a one-tailed t-test analysis. The fluorescence intensities in
the quantified histograms in each plate reader measurement were subtracted from the background
(blank) fluorescence.

Results and Discussions
Physicochemical properties and Characterization of synthesized NPs

After synthesizing Coz04 NPs, CNDs, and Co304s@CNDs hybrid NPs, they were
dispersed in DI water to make the same concentration and checked to see if they possessed any
fluorescence under UV light. Fig. S4.1 showed a photograph with bluish fluorescence from
CNDs and Co3z04@CNDs under the UV chamber. The DOX loading capacity using the FA-
BSA-C0304@CNDs, Hep-Co304@CNDs, and Cos04s@CNDs-Trf was calculated as 96.25%,
93.75%, and 99.7% (wt), respectively, using Eq. 1. The successful conjugated NPs in this study
were characterized using microscopy and spectroscopy means for morphology, structural and
property analysis.

The TEM of the synthesized, dried Coz0s@CNDs before and after conjugations with the
conjugated NPs were shown in Figure. 13 a-e, respectively. The TEM image of the
Co304@CNDs (Figure. 13a) showed that the synthesized NPs were spherical and uniform. The

average size obtained from the ImageJ analysis of the TEM image showed the core-shell
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structures possessed an average size of 14.7+3.7 nm, with a core diameter of 11.9+2.9 nm and
shell size of 2.8+0.4 nm covered on the core structure. All the NPs after conjugation with the
Figure 13. a. TEM image of a. Cos04@CNDs, b. FA-BSA-C030:@CND-DOX, c. Hep-

Co304@CND-DOX, d. Cos04@CND-Rhod, and e. Co3s04@CND-Trf-DOX hybrids
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respective ligands were uniform and spherical in shape. The smaller size and modification with
ligands are advantageous to selectively deliver Co304@CNDs and DOX into A549 cells with FA
receptors, further reducing the hazard to normal human cells [84], [203]. TEM images of the
ligand-conjugated NPs, FA-BSA-C0304@CNDs-DOX, Hep-NHS-C0304@CNDs-DOX,
C0304@CNDs-Rhod and Coz04@CNDs-Trf-DOX (Figure. 13b-e) suggested that their average
sizes were in the range of 19.0£3.0, 29.5+2.5, 34.0+2.0, 30.0+6.0 nm, respectively. The TEM
images of Co304@CNDs-Rhod (Figure. 13d), and Co304s@CNDs-Trf-DOX (Figure. 13e)
containing some shell layers, which might be expected due to the silica covering and the PEG-
ylation and the conjugation of Trf with DOX, which had increased the size of CosO4s@CNDs.
Figure 14. Comparison FTIR spectra of Cos04@CNDs hybrid NPs, FA-BSA-Co304@CND-
DOX, Hep-Co304@CND-DOX, Co304@CND-Rhod, Co304@CND-Trf-DOX hybrids, and
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Figure. 14 showed the FTIR spectra of the four different synthesized NPs before and
after conjugation and also compared them respectively with DOX. The FTIR spectra in Figure.

14 demonstrated that the synthesized NPs with FA-BSA-Co030:@CND-DOX, Hep-
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C0o304@CND-DOX, C030:@CND-Rhod, Coz04@CND-Trf-DOX hybrids possessed the
characteristic ligand peaks such FA, Hep, Rhod, Trf, and peaks representing DOX in their
structure confirming the attachment of the ligands. The FTIR of the conjugates were individually
compared with their counterparts such as FA, FA-BSA, and FA-BSA-Co304@CNDs for the FA-
BSA-C0304@CNDs-DOX conjugates in Figure. S4.2a, Hep, and Hep-CosO4s@CNDs in Figure.
S4.2b, and Sulfo-Rhod in Figure. S4.2c and Trf-CosO04s@CNDs and DOX in the Figure. S4.2d.
FTIR spectra of Co:04@CNDs hybrid NPs showed the peaks corresponding to Co (1) and Co
(111) at 578 and 665 cm, the valence states of Co3Os, and -C-C- (1542 cm™), -C=N (1635 cm™),
-CH (2900-3050 cm™), and -OH (3100-3400 cm't) bonds, characteristic of CNDs [18], [29],
[220]. Whereas, after conjugation, the FTIR (Figure. S4.2a) of the FA-BSA-Co304@CNDs and
FA-BSA-C0304@CNDs-DOX showed the typical stretching vibration peaks, 937 cm?,
attributed to FA [221]. Additional peaks with C—N double bonds (1640 cm™) and -N-H (1564
cmt) and amide bond (1700 cm™), and partial benzene ring vibration (1351 cm), characteristic
of DOX [222] were observed in the FA-BSA-C0304@CNDs-DOX, thereby confirming the
attachment of DOX. The FTIR (Figure. S4.2b) comparison of the Hep-NHS-C0304@CNDs
with its respective DOX modification demonstrated the presence of functional groups, such as
Hep (-COO- group at 1612 cm™1), NHS (ester group at 1693 cm™2, which was formed during the
conjugation of Hep and NHS), and peaks corresponding to the DOX structure (1643 cm™) [188],
[207]. The FTIR (Figure. S4.2c) comparison of Cos04s@CNDs-Rhod, Sulfo-Rhod with
Co304@CNDs inferred that many new peaks corresponding to the PEG, Rhod, and silica
functionalization were observed. The symmetric and asymmetric stretching vibrations peaks of
C—O-C were located at 1034 and 1234 cm™2, respectively, indicating that the PEG-

Co304@CNDs functionalization possesses hydroxyl, carbonyl, and carboxylic groups. The
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strong peak at 1542 cm ™ is due to the stretching of -N-O bonds, and the peaks in the region 1600
-1300 cm ™t and at 2942 cm™* represent graphitic bonds and -CH; from PEG [223], [224]. The
smaller peaks at 1042 and 732 cm ™ are due to the silica functionalization (-Si-O-C and -Si-O-Si-
symmetrical stretching vibration shift) present on their surface due to the condensation of TEOS
with carbon in the conjugates [225]. The FTIR (Figure. S4.2d) comparison of the
C0304@CNDs-Trf, inferred the modification as the stretching vibration peaks, such as -C=0 in
the amido (1) bond (1634 cm™?), formed from the EDC-NHS chemistry, and benzene ring (1410
cm™1) in the DOX structure was observed in the Cos04@CNDs-Trf-DOX [210].

The optical photoelectronic properties of the NPs, such as absorbance and fluorescence,
play a significant role in bioimaging in the cells, viability measurements, and other biological
studies [57], [58]. The UV-Visible and PL spectroscopies (Figure. 15a and b) measured the
absorbance and fluorescence of the Cos04@CND hybrid NPs and the four mentioned conjugates
compared with DOX. The absorbance band of the Co304s@CND hybrid NPs, at 254 nm in the UV-
Visible spectrum was attributed to the m—* transition of C=C bonds in the sp? domains [40], [59],
and the band at 360 nm of the CozO04@CND hybrid NPs characteristic to n-n intramolecular
transitions of -C=0 surface states [60], [61]. PL spectroscopy data showed that when the
C030:@CND hybrid NPs are excited at 360 nm, they emit strongly at 450 nm wavelength with
maximum fluorescence in correlation with the CNDs [61]. The UV-Visible and PL spectroscopy
characterization of the synthesized NPs with ligand and DOX conjugations in Figure. 15a and b
showed a noticeable change with some shifts in their absorbance and PL maximum intensities,
thereby confirming the conjugation with their respective ligands had been successful. The
absorbance and fluorescence were measured with different concentrations of CosOs@CND hybrid

NPs by UV-Visible and PL spectroscopies to calculate the quantum yield. The quantum yield (QY)
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of the NPs was calculated based on the above characterization results using the normalized

absorbance and fluorescence with Eq. 3 [207], [224]:

b =0 le2 o ez
¢ = "os X [ 1" X[ 1] ®)

where ¢c, ¢gs, Ic, lgs, ", "gs are quantum yield, intensities, and refractive index of water:
1.33 with the subscripts, C and QS representing the CozO4@CND hybrid NPs and quinine sulfate.
Also, the integrated fluorescence intensity was calculated using the cumulative absorbance and
fluorescence intensities, where ¢9s=0.54 and (:%/"os?) = 1. The QY calculated using this formula
for the Co304@CND hybrid NPs was 49.63+1.3%, slightly less than the CNDs (53.2+£0.6%). The
QY of the Cos04@CND hybrid NPs was attributed to the hybridization with Coz04 NPs, which
might have decreased the extent of the QY, ascribing to the chemical nature and abundant surface
energy of the NPs [207].
Figure 15. a. Comparison (a) UV-Visible absorbance and (b) PL spectra of Coz04@CNDs
hybrid NPs, FA-BSA-C030s@CND-DOX, Hep-Co0304@CND-DOX, C0o304@CND-Rhod,

Co304@CND-Trf-DOX hybrids, and DOX
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The UV-Visible absorbance spectra of the conjugates were individually compared with
their counterparts such as FA, FA-BSA, and FA-BSA-C030s@CNDs for the FA-BSA-
Co304@CNDs-DOX conjugates in Figure. S4.3a, Hep, and Hep-Cos04@CNDs in Figure.
S4.3b, and Sulfo-Rhod in Figure. S4.3c and Trf-CosO4s@CNDs and DOX in the Figure. S4.3d.
In the UV-Visible absorption spectra of FA-BSA-Co304@CNDs compared with DOX (Figure.
S4.3a), the main absorbance peak of the Co304@CNDs at 350 nm was slightly shifted after
attaching FA-BSA and DOX. The absorbance peak of FA-BSA-C0304@CNDs with DOX was
tailing around 229 nm. There was an increase in the absorbance intensity in the same tailing
absorbance peak as in the FA-BSA-C0304@CNDs, thereby confirming the effective loading of
the drug, DOX. The increase in the absorbance intensities after DOX conjugation was due to the
strong hydrogen bonds and 7t-7 interactions between them [214], [226]. In Figure. S4.3Db, after
conjugating the Co30s@CNDs with the Hep-NHS, the absorbance peak shifted from 350 to 260
nm, characteristic of Hep-NHS [188], and the absorbance intensity at 260 nm increased
compared to Hep-NHS. The UV-Visible absorption spectra (Figure. S4.3c) and PL spectroscopy
(Figure. S4.4c) confirmed that the conjugation with the Rhod happened as the intensity was
dropped for the Co304@CNDs-Rhod completely when compared with the Co304@CNDs. No
absorbance and fluorescence intensity were observed in the conjugates, which might have been
expected due to the PEGylation effect, which might have covered the CozO4@CNDs-Rhod NPs
completely. Photobleaching might also be a reason, with this complex, from the Rhod dye, and
so their absorbance intensities might have been diminished [208]. In Figure. S4.3d, the
absorbance maximum peak of Trf at 279 nm shifted slightly after conjugation with the
C0304@CNDs. In the Co30s@CNDs-Trf—DOX, the absorbance maximum hypsochromically

shifted from 279 nm to 260 nm, which was expected mainly due to the DOX conjugation. [227].
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An increase in the absorbance intensity was observed after modification with DOX in the
C0304@CNDs-Trf-DOX compared with Co304@CNDs-Trf.

Similarly, the PL spectra with their counterparts are shown in Figure. S4.4 a-d. PL
spectroscopy of the FA-BSA-Co30:@CNDs (Figure. S4.4a) showed that the Co304@CNDs
intensity decreased after modification with FA-BSA to a greater extent at 440 nm, whereas after
modification with the DOX, the intensity dropped significantly. This significant drop in the
fluorescence intensity of conjugates was expected due to the DOX which caused n-n stacking of
molecules to a greater extent [226]. Figure. S4.4b showed that the PL intensity of
Co030:@CNDs was quenched after modification with Hep-NHS to a greater extent, and the
emission was shifted slightly from 453 nm to 443 nm. The intensity for Hep-NHS at 440 nm was
negligible. Figure. S4.4d showed that the Coz04@CNDs intensity decreased after modification
with Trf to a greater extent. After modification with the Trf and DOX, the intensity quenched
still with a hypsochromic shifting of the emission spectrum from 448 nm - 442 nm to 420 nm,
thereby confirming the effective conjugation.

The excitation dependencies (ED) of the NPs from the PL spectra were shown in Figure.
S4.5 a-e. The ED plots of CNDs (Figure. S4.5a) and CosO4s@CND hybrid NPs (Figure. S4.5b)
at different wavelengths were analyzed. These ED plots of the PL emission spectra were
significant attributes for contributing to bioimaging and biotherapeutic applications [224]. CNDs
and Coz0s@CND hybrid NPs were excitation-dependent at the wavelength 360 nm. Also, CNDs
and Coz04@CND hybrid NPs showed similar excitation wavelength dependencies until the 380
nm wavelength. But, after an excitation wavelength of 400 nm, they shifted significantly with
lower emission intensities at different wavelengths in both spectra. From the PL spectroscopic

data, we observed that the conjugated ligands possess different emission maximum wavelengths,
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the ED plot of the FA-BSA-Co304@CNDs-DOX (Figure. S4.5c¢) at different wavelengths
showed different emissions, ascribing that they were excitation-independent. The ED plot
(Figure. S4.5d) of the Hep-NHS-Co304@CNDs-DOX excited at different wavelengths until 360
nm, showed emissions at the same wavelength with excitation-dependent fluorescent behavior,
whereas when excited after 380 nm, the emission maximum shifted to the red region. At each
excitation wavelength, two characteristic emission peaks were observed at 442 representatives of
Hep-NHS and a split peak at 536 and 593 nm, characteristic of DOX [188] interactions with
many proteins, such as growth factors and chemokines. The PL plot of the Co304s@CNDs-Trf-
DOX (Figure. S4.5¢), excited at different wavelengths, showed that these NPs were excitation-
independent. These excitation-dependent and independent emission spectra are essential for
fluorescent properties in biological applications [225], [227].

The zeta (%) potential of the NPs, ligands, and DOX are shown in Figure. S4.6 a-e, and
the data were compared in Table. S4.1. The 3 potential provided information about the surface
charge and the dispersion stability of the NPs, which is also an essential factor for cell studies to
reach them effectively [207]. The 3 potential of the Co30s@CND hybrid NPs was measured as -
4.3 mV, which might be due to the hybridization of the CozO04 NPs and CNDs. After
modification with the FA-BSA, the negative charge of the  potential values (Figure. S4.6a) of
the FA-BSA-Co304@CNDs increased making the structure more stable with monodispersibility
and stability. However, after DOX conjugation, the negative charge Cos04@CNDs increased
significantly from -19.1 to -11.8 mV, inferring their conjugation. FA possessed only a few
functional groups for bioconjugation and hence modification with BSA increased the solubility
of the NP conjugates. These FA-BSA conjugates are generally used as carriers to conjugate

drugs (DOX), advantageous for selective and sensitive attachment to cancer cells, and also
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increase the biological applicability of the entire complex [221]. In Hep-NHS conjugated
C0304@CNDs, the negative charge of the 3 potential (Figure. S4.6b) values of the Hep-NHS-
Co304@CNDs was increased, making the structure more stable due to the sulfate and
carboxylate groups in -NHS groups. The high negative charge of Hep mediates their electrostatic
interactions with many proteins, such as growth factors and chemokines. But, after DOX
conjugation, the negative charge decreased, inferring their conjugation with the Hep-NHS-
C0304@CNDs by electrostatic interactions [188]. Co304@CNDs-Rhod showed an increase in
the negative charge of the % potential (Figure. S4.6¢) values, as the structure became more stable
with PEG and silica (SiO2) linkages. After Cos04@CNDs modification with the Trf, an increase
in the negative charge of the % potential (Figure. S4.6d) values of the Co304@CNDs-Trf-DOX
was observed as the structure was more stable because of the Trf isoelectric point, 5.6 and
negative charge in neutral conditions [228]. DOX is positively charged due to their electrostatic
interactions and due to the n-n stacking and electrostatic interactions between the
C030:@CNDs-Trf and DOX, the negative charge of the Co304@CNDs-Trf-DOX increased
confirming the loading of DOX [210].
Cellular studies

Bioimaging studies of Co304s@CND hybrid NPs

The cellular uptake of the Cos04s@CND hybrid NPs (Figure. S4.7, S4.8) at different
concentrations, such as 0, 0.4, and 0.8 mg/mL, was imaged using confocal microscopy at 63X in
both cell types for better understanding. The red-stained cells represent the mitochondrial layer of
the cells stained with the Mitotracker red dyes, the blue fluorescence was observed from that of
the NPs, and the merged images at the exact location in the cells showed the uptake of the NPs in

the mitochondrial and nuclear regions. CozO4 NPs were not used here for comparison because they
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were not fluorescent in cells for imaging using confocal microscopy. Cells without any NPs (0
mg/mL) were used as a control for comparison while imaging the cellular uptake at different
increasing concentrations, and hence no fluorescence was observed in the DAPI channel. At 0.4
mg/mL concentration of the Co304@CND hybrid NPs, the imaged cells showed significantly more
viability than at 0.8 mg/mL in both the cell types. A significant viability reduction was clearly
observed in the A549 than in the EAhy926 cells at 0.8 mg/mL of the Co304s@CND hybrid NPs.
These cellular uptakes of CosO4s@CND hybrid NPs provided a clear understanding of their
viability and uptake inside the cells. We also see that with the increase in the concentration of
Co030:@CND hybrid NPs, an increase in fluorescence intensity inside the cells was observed. The
brighter blue fluorescence of Co30s@CND hybrid NPs was due to their high absorption and high
QY, 50%, generating fluorescence that considerably exceeds small organic fluorophores and
CNDs [229], [230]. Also, at a higher concentration, 0.8 mg/mL, there was an increase in the sub-
cellular localization by the Coz04@CND hybrid NPs. Hence, we confirmed that the Coz0s@CND
hybrid NPs were uptaken by both cell types and could be used as bioimaging studies.

The sub-cellular localization studies of the Coz04@CND hybrid NPs (Figure. 16) and
CNDs (Figure. S4.9) were performed using confocal microscopy and imaged at 100X in both cell
types for comparison. Figure. 16 compares the Coz04@CND hybrid NPs at a concentration of 0.4
mg/mL in the EAhy926 and A549 cells at 100X magnification. The results indicated that these
NPs could be used as bioimaging agents in normal and cancer cells. Figure. S4.9 shows the
comparison of the CNDs with both cell types. The results inferred that the mitochondrial and
nuclear uptake was observed by both CozO04@CND hybrid NPs and CNDs in both EAhy926 and
A549 cell types. In comparison with Figure. S4.9, showing CNDs uptake in the cells, the

Co304@CND hybrid NPs (Figure. 16) showed better fluorescence (bright solid blue) because of
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their increased absorption [229]. This bioimaging result inferred that an excellent sub-cellular
localization of the Cos04@CND hybrid NPs was observed in both cells.

Figure 16. Sub-cellular localization of CosO4@CND hybrid NPs in EAhy926 and A549 cells

at 100X magnification
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Antioxidation studies of Co304@CND hybrid NPs

Intracellular enzymes in the cells cleave the ester bonds of DCFH-DA dye into non-
fluorescent intermediates, which oxidize further to a highly fluorescent product, DCF. The release
of fluorescent DCF in the cells can be measured at 528 nm by exciting at 485 nm. The detected

fluorescence intensity represented the intracellular ROS levels [231]. Figure. 17a,b illustrated the
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changes in ROS levels of cell EAhy926 and A549 cells treated with the CozO4@CND hybrid NPs,
CNDs, and Co0304 NPs, vs. AA. A decrease in the fluorescence intensity was observed in the
C0304@CND hybrid NPs, Co3s04 NPs, CNDs, and AA-treated EAhy926 and A549 cells in a
concentration-dependent pattern. AA, a powerful antioxidant, and an inhibitor of ROS were used
as a control in this study for comparison. Both cells treated with AA exhibited similar results to
the CNDs with increasing concentrations with less ROS in the A549 cells. Compared with CNDs
and Co304 NPs, the ROS levels reduced rapidly in both cells with Cos04s@CND hybrid NPs.
Co0304 NPs exhibited relatively higher fluorescence than AA due to their rich vacancies in
oxidation states. The Co3O4 NPs did not cause a profound decrease in ROS in EAhy926 and A549
cells, whereas CNDs treated cells showed a decrease similar to that of the Co304@CND hybrid

NPs.

Figure 17. DCFH-DA assay results of Coz3O4@CND hybrid NPs, CNDs, Co3zO4 NPs, and

ascorbic acid in a. EAhy926 and b. A549 cells
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Figure. S4.10 compared the antioxidant activity of Coz0s@CND hybrid NPs only in

both cells. Coz04@CND hybrid NPs in EAhy926 cells with the concentration increment, the
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fluorescence initially decreased, and then the rate gradually slowed down. Interestingly, in the
A549 cells treated with Co304@CND hybrid NPs and Co3O4 NPs, the decrease in ROS was
slightly higher compared to the EAhy926 with the concentration increment. Moreover, in A549
cells, the fluorescence intensity decreased rapidly, confirming that these CozO4@CND hybrid
NPs depicted a more significant antioxidant effect in A549 than in the EAhy926 cells, suggesting
that they could be more advantageous as an anticancer agent. The results suggested that ROS
was greatly reduced with high concentrations of the Coz04@CND hybrid NPs in both cell types,
thereby proving their role in the intracellular antioxidant effect associated with cell death. Also,
the data indicated that the antioxidant effect of the CozO04@CND hybrid NPs and CNDs was
more than AA, with a more profound effect in Cos04@CND hybrid NPs.

Cell viability of Co304@CND hybrid NPs

Figure 18. Percentage viability of the CosO4@CND hybrid NPs, CNDs, and Co3O4 NPs in a.

EAhy926 and b. A549 cells
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The percentage viability of Co304s@CND hybrid NPs, CNDs, and Coz04 NPs was
assessed and compared with the AB assay for two cells, EAhy926 and A549. The AB assay

measurements (Figure. 18a,b) revealed that the EAhy926 viability was around 77.1%, and that
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of the A549 cells was around 56.6% at 0.8 mg/mL. The results suggested that at increasing
concentrations of Coz304@CND hybrid NPs, they possessed more cytotoxicity in the cancer cells
than in the normal human cells. Also, Coz304@CND hybrid NPs were more biocompatible than
Co0304 NPs but less than CNDs, in EAhy926 cells. This result ensured that the carbon shell
prevented the direct toxicity of CozO4 NPs. However, we observed some toxicity of these
C0304@CND hybrid NPs at higher concentrations than the CNDs, which might be because of
the toxic Co3O4 NPs inside them. Moreover, in A549 cancer cells, the CNDs were not toxic to
them, but the Co304 NPs showed some extent of toxicity at higher concentrations. Due to this
reason, in comparison with the CNDs, Co304@CND hybrid NPs were more cytotoxic to the
cancer cells at higher concentrations. These observations revealed that the Coz0s@CND hybrid
NPs might be used as an anticancer agent, suggesting they have more therapeutic efficacy than
CNDs. However, they were still toxic to normal human cells at the same concentrations, which
needs to be considered. Also, additional tests such as cellular uptake and ROS measurements
helped us to better understand these viability results and correlated with our data analysis. Based
on these results, to make the Coz0s@CND hybrid NPs more biocompatible and cancer-specific
simultaneously and to improve the targeting of the A549 cells, some ligands such as FA-BSA,
Hep, Trf, and PEGylated silica with or without DOX were attached to these NPs through

different synthesis approaches from the literature.

Selective cancer cell targeting of ligand and DOX conjugated Coz0s@CND hybrid NPs using
viability studies
After characterizing and understanding the properties of the conjugated NPs, the

percentage viability of FA-BSA-C0304@CND-DOX, C030:s@CND-Hep-DOX, Co304s@CND-
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Rhod, and Coz04@CND-Trf-DOX were evaluated with the AB assay in both cell types, EAhy926
(Figure. S4.11a-d) and A549 (Figure. S4.12a-d), and compared with FA, DOX, FA-BSA-
C0304@CNDs, Co304@CND-Hep, Hep, Coz0s@CND-Trf, Trf, Coz304@CNDs, and DOX. At
0.4 mg/mL concentration, AB assay measurements revealed that the EAhy926 cell viability was
83.05% for FA-BSA-C030:@CNDs, and 66.83% for FA-BSA-C0304@CNDs-DOX, whereas for
Ab49 cells are 62.01% for FA-BSA-C0304@CNDs, and 58.76% for FA-BSA-C0304@CNDs-
DOX. The AB assay measurements revealed that the EAhy926 cell viability at 0.4 mg/mL was
80.21% for Hep-Co304@CNDs, and 41.62% for Hep-Co304@CNDs-DOX and that of the A549
cells was 83.12% for Hep-Coz04@CNDs, and 42.66% for Hep-Cos04s@CNDs-DOX. The
EAhy926 cell percentage viability was 80.21% for Hep-Cos04s@CNDs, and 41.62% for Hep-
Co0304@CNDs-DOX and that of the A549 cells was 83.12% for Hep-Co304@CNDs, and 42.66%
for Hep-Co30s@CNDs-DOX. The EAhy926 cell percentage viability was 78.15% for
Co304@CNDs-Rhod and that of the A549 cells was 66.54% for C0304@CNDs-Rhod. The
EAhy926 cell percentage viability was 68.18% for Co304@CNDs-Trf, and 82.86% for
Co030,@CNDs-Trf-DOX and that of the A549 cells was 64.93% for Co30s@CNDs-Trf, and
51.19% for Co3O4s@CNDs-Trf-DOX.

The AB cell viability measurement results showed that at increasing concentrations of FA-
BSA-C030:@CND-DOX NPs, more cytotoxicity in the cancer cells (Figure. S4.12a) than in the
EAhy926 cells (Figure. S4.11a) was observed. Moreover, in A549 cancer cells, the FA-BSA-
C0304@CND-DOX were not much toxic to them, but in the EAhy926 cells, the viability decreased
faster with the increase in the concentrations, which might be partly disadvantageous. Compared
with Co304@CNDs, the same variations in viability were observed for FA-BSA-C030:@CND-

DOX conjugates in the EAhy926 and A549 cells. FA has excellent biocompatibility but is not

88



anticancerous itself, as it serves widely as a better carrier for anticancer drugs [86]. Free DOX
showed significant toxicity in both cell types, particularly in the EAhy926 type, instead of being
cancer-specific only. This ligand FA-BSA, combined with Coz04@CND NPs, was toxic to normal
human cells at higher concentrations. Due to this reason, the FA-BSA might not be an effective
ligand for the Co304@CNDs to target A549 cells. The mechanism of the anticancer activity was
predicted to be that FA ligands conjugated on Co304s@CND-DOX target excessive FA receptors
on the surface of A549 cancer cells with high affinity [232]. However, other ligands were also
tried by optimizing to see which receptors are overexpressed on A549 cancer cells specifically. In
Figure. S4.11b and S4.12b, Hep-NHS was safe for EAhy926 and A549 cells in their native form
and when combined with CosO4s@CNDs. At increasing concentrations of Hep-Co304s@CND-
DOX NPs, they possessed more cytotoxicity in EAhy926 cells than in A549 cells from the results.
Moreover, in Ab49 cancer cells, the Hep-CosO4s@CNDs were not toxic to them, but in the
EAhy926 cells, with the increase in the concentrations, they started to die at a faster rate with
increasing concentrations. The anticancer efficacy was not improved by modifying with Hep-NHS
but improved after modifying with DOX. The mechanism of the anticancer activity might be
predicted that the Hep ligands target the overexpressed CD44 and heparin-binding growth factor
receptors on the surface of the A549 cells, which plays a significant role in metastasis formation
and cell adhesion [233]. More importantly, Cos0s@CNDs—Hep-DOX also prohibited cancer cell
proliferation significantly, and the anticancer effect was higher than that of Co304@CNDs.
However, the Co304@CNDs-Hep-DOX conjugates significantly affected the normal human cells
too. This ligand Hep and DOX combined with Co30s@CND NPs was more cytotoxic to the
normal human cells at higher concentrations than the A549 cells. Due to this adverse effect, the

Hep might not be an effective ligand for the CozO4@CNDs to target A549 cells, though it was
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toxic to them. The cell viability results (in Figure. S4.11c and S4.12c) showed that at increasing
concentrations of Co304@CND-Rhod, they possessed more cytotoxicity in the A549 cells than in
the EAhy926 cells. Compared with Co30s@CNDs, where the cell viability at a concentration of
0.4 mg/mL, the viability of EAhy926 and A549 cells was 65.02% and 76.31%, the Co304@CNDs-
Rhod were more biocompatible and anticancerous to A549 cells. Due to this reason, the PEG-
SiO2(Rhod) might be considered an effective ligand for the CozO4@CNDs to target A549 cells but
comparing them with the FA-BSA-Co030:s@CNDs-DOX, the anticancerous effect was relatively
less. The anticancer mechanism of these conjugates was expected that these ligands might be
transported, internalized, and uptake by the cancer cells through energy-dependent endocytosis
and phagocytosis [206]. In addition, these ligands might target the folate receptors that are
overexpressed on the surface of cancer cells due to the PEG and SiO; functionalization on the
C0304@CNDs [234]. Figure. S4.11d and S4.12d showed that at increasing concentrations of
C030:@CND-Trf-DOX, they possessed more cytotoxicity in the A549 than in the EAhy926 cells.
Moreover, in A549 cancer cells, the Cos04@CND-Trf-DOX were not toxic to them, but in the
EAhy926 cells, with the increase in the concentrations, the viability decreased faster. In
comparison with Coz04@CNDs, the same variations were observed for these Coz0s@CND-Trf-
DOX conjugates in both the EAhy926 and A549 cells. This ligand Trf and DOX combined with
Co030:@CND NPs were more cytotoxic to the cancer cells at higher concentrations, and Trf was
safe to normal human cells, whereas DOX was not according to the results. Due to this reason, the
Trf is proven to be an effective ligand for the Co304@CNDs to target A549 cells. The efficacy of
Trf-loaded Co304@CNDs NPs was improved by modification with DOX. Trf-Co304@CNDs-
DOX resulted in a decrease in efficacy values (51.16%), compared with Trf (59.63%),

Trf-Coz04@CNDs (64.03%), and Co304@CNDs (65.02%) after 24-h incubation with A549 cells,
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respectively, at the concentration of 0.4 mg/mL. The mechanism of anticancer activity of this
ligand-based targeting was evident from the literature that this complex might target the specific
overexpressed Trf and Trfl receptors on the surface of A549 cancer cells resulting in endocytosis
[209], [210], [227], [228].
Discussion

The biological properties such as cell viability, anticancer, bioimaging, and antioxidant
studies of the Co304@CND hybrid NPs were performed and compared with their counterparts.
The bioimaging results showed that the Cos04@CND hybrid NPs were better than the CNDs,
which confirmed them to be an efficient diagnostic tool. Cancer cell specificity was based on
different ligands through the cell viability test, and the effects of ligands are compared. Though
the cell viability and the anticancer studies were not much efficient compared to the CNDs for
their biocompatibility, it was improved through the successful modification with different
ligands. This research work, where different ligands were synthesized and compared, was mainly
done to target the A549 lung cancer cells specifically with the help of ligands. Hence, after
synthesizing the hybrid NPs with different ligands, their cell viability was compared in both the
normal and the cancer cells. The above cell viability comparison results (Figure. 19) showed that
the Rhod and Trf-DOX conjugated Coz04@CND hybrid NPs were more specifically targeting
ligands for A549 cancer cells and less toxic to EAhy926 normal cells.

A detailed explanation for Figure. 19 was elaborated with a comparison table in Table.
S4.2 for a clearer understanding of the anticancer effects of all the conjugated ligands with
C030:@CND hybrid NPs. Trf-Dox, Cos04s@CNDs-Rhod, and FA-BSA-DOX conjugation with
Co304@CND hybrid NPs are better-targeting conjugates for A549 cells than the Hep-DOX.

Among all the conjugates, the Co304s@CND hybrid NPs-Trf-DOX complex showed cell viability
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of 51.2% at 0.4 mg/mL, whereas Co30s@CND hybrid NPs-FA-BSA-DOX showed cell viability
of 58.76% at 0.4 mg/mL for A549 cells. Hence these ligands are considered the best and safest
conjugations that make the Coz04@CND hybrid NPs more anticancerous, decrease the toxicity
to EAhy926 cells, and are more specific and targeted.

Figure 19. Percentage viability in EAhy926 (Solid filled) and A549 cells (Pattern filled) for

the Co304@CND hybrid NPs with different conjugations
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Proposed Anticancer Mechanism
A mechanism of anticancer activity of the CosO4@CND hybrid NPs with ligands and
drugs loaded onto them was proposed and described in Figure. 20. We proposed that the ligands
FA-BSA, Heparin, PVP-PEG-SiO2-Rhod, and Trf and the anticancer drug DOX target the
receptors such as folate, FGFR, Trf1, alpha 5, and beta 3 (avf3) integrin, hepatocyte GFR
(HGFR), G-protein coupled, CXCR4, EGFR, and CD44, respectively in the A549 lung cancer

cells, as mentioned in the literature [203], [205], [235]-[238].
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Figure 20. Proposed Anticancer Mechanism for the ligand and DOX conjugated

Co304@CND hybrid NPs
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The anticancer mechanism was expected due to the active targeting of the ligands
through receptor activation. The active targeting of A549 cancer cells was achieved through the
proper receptor-ligand complex activation for the delivery of NPs combined with the anticancer
drug DOX. Once the receptors on the A549 cancer cell surface are activated, the NPs and drugs
are released inside the cells through the endocytosis mechanism, which might be likely clathrin,
lipid-raft, or caveolae-mediated or pinocytosis, inducing lysosomal degradation, which further
leads to apoptosis and cell death [187], [235], [238]. The Co304@CND hybrid NPs with Trf and
DOX were more specific and targeted without affecting the normal cells indicating that the A549

cancer cells specifically targeting Trfl and CD44 receptors, respectively, to which the ligands
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bind, releasing the NPs and thus enhancing the anticancer activity. Also, the ligand Trf was more
biocompatible than the other ligands used, which is an added advantage for delivering the NPs,
according to our discussions.
Conclusion

Co304@CND hybrid NPs were studied in this research for their advanced multifunctional
applications, such as anticancer, bioimaging, and antioxidant, and as a drug delivery vehicle.
This study suggested that the CosO4s@CND hybrid NPs possessed excellent anticancer and
antioxidant activity on their own and could serve as an excellent imaging probe due to their
brighter fluorescence compared to the CNDs. Also, advanced active targeting strategies were
utilized with this novel Co30s@CND hybrid NPs for loading anticancer drug (DOX) for
enhanced anticancer activity, along with increasing the specificity to target A549 cancer cells
using specific ligands. The anticancer activity was tested for each ligand and compared in the
EAhy926 and A549 cancer cells. By comparing four types of ligands based on different
anticancer mechanisms, we finally inferred that the Trf-DOX conjugate with Cos04s@CND
hybrid NPs possessed an excellent improved anticancer activity with enhanced biocompatibility.
Further future cell studies such as confocal and flow cytometry could be performed to prove and

study their penetration mechanism in cells.

CHAPTER V: CONCLUSION

In chapter 11, I studied the factors affecting the photocatalytic dye degradation efficiency,

such as the dye’s charge, dye concentration, and wavelength of the light source (UV and Visible)
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at varying time intervals by fixing the Coz04@CNDs, with catalyst dosage as constant value and
discussed their respective kinetics and scavenging properties, and finally proposed a mechanism
associated with the degradation. This Co304@CNDs with a core-shell morphology possessed a
more uniform, well-defined morphology and was proven to be a UV and visible light-responsive
photocatalyst with better degradation kinetics, a well-defined charge-transfer mechanism, and
reusability, thus satisfying the ideal requirements of a photocatalyst. The comparison studies in
chapter 11 showed that the UV-light-based degradation rate kinetics was more than the visible
with faster degradation Kinetics at a shorter time duration within 40 minutes, whereas, with an
extended time of up to 75 minutes, the visible light degradation percentage efficiency was
greater compared to the UV for both cationic and anionic dyes. Also, the Coz0s@CNDs showed
better degradation kinetics and efficiency compared to their counterparts, such as CozOs NPs and
CNDs, due to the heterogeneous interface, which accelerated the generation of electron-hole
pairs more rapidly. Further studies could be carried out with these Cos04@CNDs to increase
their efficiency with better light power sources to degrade any types of dyes.

Chapter I11 demonstrated electrochemical applications of these Co30s@CNDs such as
capacitance calculation studies by cyclic voltammetry. The findings showed that when
Co030:@CNDs were combined with binders and activated carbons, their capacitance improved.
But still satisfactory or larger energy storage capacity was not achieved with Cos04s@CNDs. In
future studies, further modifications in their structure by combining them with one, two, or three-
dimensional support materials might provide a better use of these Co304@CNDs hybrid NPs in
the electrochemical research areas.

In Chapter IV, an attempt to improve the targeting efficiency specific to lung cancer cells

was also done by modifying these CozO4@CNDs hybrid NPs with the help of different ligands,
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such as folic acid, heparin, silica, and transferrin and their anticancer efficacy was compared for
specific targeting of the A549 lung cancer cells with improved biocompatibility. Several ligand
modifications with the core-shell modifications were synthesized, characterized, and compared
for their anticancer-specific targeting in this chapter. A clearer understanding of the ligand-
receptor mechanism was achieved, and a mechanism was proposed for the transferrin-
C030:@CNDs-DOX which demonstrated the best anti-cancer efficacy, specifically to A549
cells. Also, the enhanced optical properties of the CosO4s@CNDs were studied in detail and their
bioimaging characteristics were demonstrated by comparing them with the CNDs. The results
suggested that the Co304@CNDs reach the mitochondrial and nuclear regions of both normal
and cancer cells through their enhanced fluorescence.

The overall conclusions of this research suggested the investigation of Cos04s@CNDs
core-shell hybrid NPs in photocatalytic dye degradation, anticancer and bioimaging, and
electrochemical studies, and to get a comprehensive understanding of their mechanism from their
physicochemical properties associated for the particular applications. To this end, these exciting
dissertation findings presented a better understanding and technical strategies for using the
hybrid NPs for a variety of application studies as photocatalysts, bioimaging, anticancer agents,
and electrocatalysts/energy storage in electrochemistry. Future studies might further be required
to optimize these Co304@CNDs core-shell hybrid NPs for photocatalytic and electrochemical
studies by introducing a support material to improve their properties. For commercialization and
long-term applications, continuous research studies had to be performed to explore advanced
science and technologies using hybrid nanomaterials. The anticancer and imaging efficacy

specific to the lung cancer cells using the CosO4s@CNDs core-shell hybrid NPs might be very
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useful to the emerging world needs for cancer therapy and diagnostics and could serve the

community needs with its enhanced efficacy.
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APPENDIX A: EVALUATION OF UV AND VISIBLE LIGHT RESPONSIVE COBALT
OXIDE CARBON Co0304@CND HYBRID NANOPARTICLES AS A PHOTOCATALYST
FOR DYE DEGRADATION

Figure S2.1. Schematic of synthesis of a). CosO4 NPs and b). CosO4@CNDs hybrid NPs
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Figure S2.2. Texture of the synthesized Co3Os, CNDs, and Co3sO4@CNDs hybrid NPs
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Figure S2.3. TEM of CNDs
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Figure S2.4. a) size distribution and b). SAED of Co3O4 NPs; and c). size distribution and d.

SAED of Co304@CNDs hybrid NPs.
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Figure S2.5. FTIR spectra of Co3O4 NPs, CNDs, and CosOs@CNDs hybrid NPs
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Figure S2.6. Raman spectra of Co3O4 NPs, CNDs, and Co304@CNDs hybrid NPs
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Figure S2.7. Convoluted full XPS spectra of CosO4 NPs, CNDs, and Co304@CNDs hybrid

NPs.
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Figure S2.8. HRXPS of Co304 NPs of a. C 1s, b. O 1s, and c. Co 2p
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Figure S2.9. Zeta potential for Co3O4, CNDs, and CosO4@CNDs hybrid NPs
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Figure S2.10. UV-Visible absorbance study of 1mg/mL of a. Cos04@CNDs, b. CNDs, and c.

Co0304 NPs with 20 mg L' MB dye degradation in the presence of visible light for up to 120
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Figure S2.11. UV-Visible absorbance study of 1mg/mL of a. Cos04@CNDs, b. CNDs, and c.

Co0304 NPs with 50 mg L' MB dye degradation in the presence of visible light for up to 120

minutes
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Figure S2.12. UV-Visible absorbance study of 1mg/mL of a. Cos04@CNDs, b. CNDs, and c.

Co0304 NPs with 20 mg L' MB dye degradation in the presence of UV light for up to 60

minutes
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Figure S2.13. UV-Visible absorbance study of 1mg/mL of a. Cos04@CNDs, b. CNDs, and c.

Co0304 NPs with 50 mg L' MB dye degradation in the presence of UV light for up to 60

minutes
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Figure S2.14. UV-Visible absorbance study of 1mg/mL of a. Cos04@CNDs, b. CNDs, and c.

Co0304 NPs with 20 mg L! IC dye degradation in the presence of visible light for up to 120

minutes
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Figure S.2.15. UV-Visible absorbance study of 1mg/mL of a. Cos04@CNDs, b. CNDs, and

c. Co304 NPs with 50 mg L! IC dye degradation in the presence of visible light for up to

120 minutes
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Figure S2.16. UV-Visible absorbance study of 1mg/mL of a. Cos04@CNDs, b. CNDs, and c.

Co0304 NPs with 20 mg L! IC dye degradation in the presence of UV light for up to 60

minutes
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Figure S2.17. UV-Visible absorbance study of 1mg/mL of a. Cos04@CNDs, b. CNDs, and c.

Co0304 NPs with 50 mg L' IC dye degradation in the presence of UV light for up to 60

minutes
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Figure S2.18. Ci/Co vs. time plots of 1mg/mL of CosOs@CNDs, CNDs, and Co3zO4 NPs with
50 mg Lt a. MB and b. IC dye degradation in visible light, c. MB and d. IC in the presence

of UV light
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Figure S2.19. In(Co/Ct) vs. time plots of 1mg/mL of Co30s@CNDs, CNDs, and C0304 NPs

with 50 mgL* a. MB and b. IC dye degradation in visible light, c. MB and d. IC in the

presence of UV light
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Figure S2.20. UV Visible absorbance spectra of 1mg/mL of a. Cos04s@CNDs, b. CNDs, and
c. Co304 NPs with 20 mg L' MB dye degradation in the dark and their respective d. C¢/Co

vs. time plots of 1mg/mL of Co304@CNDs, CNDs, and C0304 NPs with 20 mg L' MB
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Figure S2.21. UV Visible absorbance spectra of 1mg/mL of a. Cos04s@CNDs, b. CNDs, and

c. Co304 NPs with 50 mg L' MB dye degradation in the dark and their respective d. C¢/Co

vs. time plots of 1mg/mL of Co304@CNDs, CNDs, and C0304 NPs with 50 mg L' MB
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Figure S2.22. UV Visible absorbance spectra of 1mg/mL of a. Cos04s@CNDs, b. CNDs, and
c. Co304 NPs with 20 mg L-! IC dye degradation in the dark and their respective d. C+/Co

vs. time plots of 1mg/mL of Cos04@CNDs, CNDs, and C0304 NPs with 20 mg L' IC
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Figure S2.23. UV Visible absorbance spectra of 1mg/mL of a. Cos04s@CNDs, b. CNDs, and

c. Co304 NPs with 50 mg L' IC dye degradation in the dark and their respective d. C+/Co

vs. time plots of 1mg/mL of Co304@CNDs, CNDs, and C0304 NPs with 50 mg L1 IC
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Figure S2.24. UV Visible absorbance spectra of IC dye degradation without any NPs a. 20

mg L1 b. 50 mg L'; C¢/Co vs. time plots compared to ¢. 20 and d. 50 mg L' MB dye

degradation without any NPs and with Co304@CNDs in dark and light
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Figure S2.25. UV Visible absorbance spectra of IC dye degradation without any NPs a. 20
mg L1; b. 50 mg L; C/Co vs. time plots compared to c. 20 and d. 50 mg L' MB dye

degradation without any NPs and with Co304@CNDs in dark and light
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Figure S2.26. In(Co/Ct) vs. time plots of 1mg/mL of C0304@CNDs NPs with 20 mg L' MB
dye degradation in the presence of visible light for up to 75 minutes and UV light for up to

40 minutes
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Figure S2.27. Ct/Co vs. time plots with the role of scavengers in the mechanism of the
Co304@CNDs based MB dye degradation in the presence of visible light (a) & (b), and UV

light (c) & (d)
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Figure S2.28. a. C¢/Co vs. time and b. degradation percentage at 75 minutes after the visible
light radiation of the CosO4@CNDs in the MB dye degradation for 3 cycles; c. C+/Co vs.
time and d. degradation percentage at 75 minutes after the visible light radiation of the

Co304@CNDs in the MB dye degradation for 3 cycles
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Figure S2.29. XPS of the Co304@CNDs in the a). MB and b). IC dye degradation after 3

cycles
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Table S2.1. Comparison of different synthesis parameters for Co3O4 NPs and their size.

Author Stoichiometry and Method Reaction Reaction Size
Morphology time Temperature | (nm)
(*C)
Yetim et Co0304 nanospheres Hydrothermal 4 hours 150 700
al.[239]
Fan et C0304 porous film In situ, 4-45 150 28.6
al.[240] with a spinel structure | electrospray hours
Shaheen et Co0304 NPs Sol-gel method | 24 hours 90 17
al.[241]
Ozkaya et Co0304 NPs Reflux 4 hours 100 28
al. [242] condenser
Raman et | Coz04 NPs with block Agitation 6 hours Room 40-60
al.[243] and sphere temperature
morphology with organic
agents
Zou et Co304 particles quasi- Solution 6 hours Room 10-50
al.[244] spherical oxidation temperature nm
with ionic liquid
Zhao et C0304 3D flower-like One-pot 3 hours 180 5um
al.[245] microstructure reaction
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Jamil et | Porous cuboids CosO4 | Solvothermal 10 hours 220 400-
al.[58] route 500
nm

Uddin et C0304 NPs Simple 72 hours 100 10-20
al.[60] precipitation nm

Asadizade Co0304 NPs Thermal 2 hours 600 ~30

h et decomposition nm
al.[246]

Vijayaku C0304 NPs Microwave- | 5 minutes | Power at 240W 14
mar et assisted nm
al.[30] precipitation

He et Co0304 NPs Thermal 4 hours 180 40-
al.[247] decomposition nm
aggre
gates

Wang et Co0304 NPs Solvothermal 12 hours 120 50
al.[248] method nm
Dong et Co0304 NPs Solvothermal 3 hours 150 35
al.[102] method nm

This work C0304 NPs Microwave 30 150 31

method minutes nm
Table S2.2. XRD comparison for 20 and planes of Co3O4, CNDs, and CosO4s@CNDs
hybrid NPs.
C0304 20 20.5 23| 316 37 40 | 43.6 56| 59.6| 65.4
Planes | (111) | (002) | (220) | (311) | (222) | (400) | (422) | (333) | (440)
CNDs 20 23
Planes | (002)
Co304@CNDs | 206 20.5 23| 316 40 | 43.6
hybrid NPs  ['planes | (111) | (002) | (220) | (222) | (400)
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Table S2.3. Detailed Elemental compositions comparison of the constituents present in

Co0304, CNDs, and Co304@CNDs hybrid NPs from XPS data.

Particles C N o Co
-C-C -C=0 -C-0-C- | -Co- -C-0- -C=0- -Co-0 Co3+ Co3+ Co2+ | Co2+
C- 2p3n2 2pl2 2p32 | 2p
12
Hybrid nanoparticles | 75.22% 4.83% 19.22% 0.73
64.87 12.45 22.68 11.91 1.55 2135 15.19
CNDs 63.26% 19.25% 17.5%
33.68 [3280 3343 ] [ T1 | |
Co,0, nanoparticles | 1533% 63.26% 21.41%
38 26 36 38.89 61.11 | 53.01 16.83 2115 9.01

Table S2.4. ‘k’ values of Img/mL of Co304@CNDs, CNDs, and C0304 NPs with 20 and 50

mg L' MB dye degradation in the presence of visible and UV light.

Light 20 mg L' MB 50 mg L' MB
Source" - 5.@CN | CNDs Cos0s C0:0:@CN | CNDs C0s0s

Ds Ds
Visibl 1.39+0.05x1 1.16+0.02x 0.98+0.02x 1.3+0.02x10" | 1.08+0.05x 0.9+0.02x1
eat75 | 0%/min 102 /min 102 /min 2 min 102 /min 02 /min
mins
UV at | 1.95+0.05x1 1.58+0.02x 1.28+0.04x 1.89+0.05x%1 1.55+0.03x% 1.1+0.06x1
40 02/min 102 /min 102 /min 02/min 102 /min 02 /min
mins
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Table S2.5. ‘k’ values of Img/mL of Co30s@CNDs, CNDs, and Co3O4 NPs with 20 and 50

mg L IC dye degradation in the presence of visible and UV light

Light 20 mg L7 IC 50 mg L IC
Source C0304@CN CNDS C0304 C0304@CN CNDS C0304
Ds Ds
Visible at 75 | 1.15+0.01x10 | 0.93+0.01x1 0.7240.01x10- | 1.03+£0.02x10- | 0.84+0.002x1 | 0.63+0.003x1
mins -2 /min 02 /min 2 /min 2 /min 0-2/min 02 /min

UV at 40 [ 1.9240.04x10 | 1.47+0.02x1 1.21+0.01x10- | 1.52+0.002x1 1.17£0.004x1 | 0.98+0.03x10-
mins -2 /min 02 /min 2 /min 02 /min 02 /min 2 /min

Table S2.6. Comparison study with other CoszOs-based or carbon-based photocatalysts

Catalysts Pollutant/ Source Degradation References
Dye of light efficiency and

time
GQDs MB Sunlight | 45%, 100 min [249]
GQDs RhG Sunlight | 80%, 80 min [250]
C-dots MB Sunlight [ 43%/10 h [251], [252]
N-CQDs MB Natural 23% in 4h [253], [254]
From coal tar IC light (5mL,15 mg

L

56% in 4h

(5mL, 30 mg

L)
N-GQDs/TiO2 RhB Visible 60%/100 min [255]
GQDS RhB Visible 55%,360 min [68]
Co304NPs MB UV-Vis | 56.40%, 80 [52]

min
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Co;04@CNDs | MB Visible 72%, 75 mins | This work
lightand | (20 mgL™)

Uuv 67%, 40 mins
light (20 mg L)

IC Visible 63%, 75 mins
uv 59%, 40 mins

Calculations of band edges for CozO4 and CNDs

The conduction band (CB) and valence band (VB) edge can be calculated through equations (1)

and (2)
ECB:X_Ee_O'SEg (1) E . =ECB+Eg (2)

Where E, , and E_, are the Valence and Conduction band potentials, respectively. Moreover, E_is

the energy of free electrons vs. hydrogen (4.5 eV), and y is the electronegativity of the

semiconductor, and it was calculated by the following equation:

c_1/ (atbtc)

a b
x = [x(A) x(B) x(C) ] 3)
in which a, b, and ¢ are the number of atoms in the semiconductor compounds.
In case of C0304, the y calculation for Co3O4 as follows:

The electronegativity for each element is Co: 4.3 eV, O: 7.54 eV (Data of all elements in website:

http://www.knowledgedoor.com/2/elements_handbook/pearson_absolute_electronegativity.htmL

x Co304 = (4.3°%7.544H)17 = 5927 eV
Ecpi = 5.927 — 4.5- (0.5x1.57) = 0.642 eV

Eve1 =0.642 +1.57=2212¢eV
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Ecp2=5.927 —4.5- (0.5%1.77) = 0.542 eV

Eve2=0.542 +1.77=2.312 eV

In the case of CNDs, the y calculation for N-CNDs js as follows:

The molecular formula for CNDs is C3cHssNsO11, as mentioned by Zeng et al.[112]
The electronegativity for each element is C: 2.55 eV, H: 2.2 eV, N: 3.04 eV, O: 7.54 eV
¥ CNDs (C36HssNeO11) = (2.55%0%2.238x3.040%x 7,541V G6+38+6+11) — 5 65 eV

Ecg =2.65-4.5-(0.5%x2.9)=-3.3 eV

Evg=-33+29=-04¢V
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APPENDIX B: MULTIFUNCTIONAL CORE-SHELL COBALT OXIDE @ CARBON
NANODOT HYBRID CONJUGATES FOR IMAGING AND TARGETING A549 CELLS

Figure S4.1. A photograph of synthesized NPs in vials under UV light
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Figure S4.2. FTIR of a. FA-BSA-C0304@CND-DOX, b. Hep-Co3s04@CND-DOX,; c.

Co304@CND-Rhod, and d. Co304@CND-Trf-DOX hybrids
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Figure S4.3. UV-Visible Spectroscopic data of a. FA-BSA-Co0304@CND-DOX, b. Hep-

Co304@CND-DOX, c. Co304@CND-Rhod, and d. CosO4s@CND-Trf-DOX hybrids
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Figure S4.4. PL Spectroscopic data of a. FA-BSA-C0304@CND-DOX, b. Hep-

Co304@CND-DOX, c. Co304@CND-Rhod, and d. CosO4s@CND-Trf-DOX hybrids
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Figure S4.5. Excitation dependency emission spectra of a. CNDs, b. CosO4@CND hybrid

NPs, c. FA-BSA-C0304@CND-DOX, d. Hep-CosO4s@CND-DOX, and e. CosO4@CND-Trf-

DOX hybrids
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Figure S4.6. Zeta Potential data of a. FA-BSA-C0304@CND-DOX, b. Hep-Co304@CND-

DOX, c. Co304@CND-Rhod, and d. Coz0s@CND-Trf-DOX hybrids
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Figure S4.7. Cellular uptake of CosO4@CND hybrid NPs with an increase in

concentrations in EAhy926 cells at 63X magnification
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Figure S4.8. Cellular uptake of CosO4@CND hybrid NPs with an increase in

concentrations in A549 cells at 63X magnification
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Figure S4.9. Sub-cellular localization of CNDs in EAhy926 and A549 cells at 100X

magnification
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Figure S4.10. DCFH-DA comparison plots of Cos04@CND hybrid NPs in both cell types
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Figure S4.11. Percentage viability plots of EAhy926 cells with a. FA-BSA-C0304@CND-

DOX, b. Hep-Co304@CND-DOX, c. Co304@CND-Rhod, and d. CosO4@CND-Trf-DOX

hybrids
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Figure S4.12. Percentage viability plots of A549 cells with a. FA-BSA-C030:@CND-DOX,

b. Hep-Co304@CND-DOX, ¢. Cos04@CND-Rhod, and d. CosO4@CND-Trf-DOX hybrids.
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Table S4.1. Zeta potential of all the conjugated particles

Samples Zeta Potential
C0304@CNDs -4.19+0.11 mV
FA -9.81+0.43 mV
FA-BSA -9.30+0.36 mV

FA-BSA-Co304@CNDs

-19.13+1.23 mV

FA-BSA-C030:@CNDs-DOX

-11.8+0.8 mV

Hep-NHS

-8.52+0.24 mV

Hep-NHS-Co0304s@CNDs

-13.47+0.27 mV

Hep-NHS-C0304@CNDs-DOX -16.1+0.9 mV
C0304@CNDs-Rhod -8.52+0.24 mV
Trf -9.63+0.29 mV

C0304@CND-Trf

-11.97+0.53 mV

Co0304@CND-Trf-DOX

-11.03+0.73 mV

DOX

11.53+0.77 mV
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Table S4.2. Comparison analysis of the percentage viability in EAhy926 and A549 cells for

the Co304@CND hybrid NPs with different conjugations

Conjugated targeting lizands with
Co30,@CND hybrid NPs

Pros

Cons

mg/ml: §2.86%

Viability for AS49 cells at 04

mg'mlL: 51.19%

FA-BSA-DOX More cancer specific At 04 mgml concentration,
viability: 66.83%
Viability at 0.4 mg'ml: 58.76%
Hep-DOX Viability for AS49 cells at 0.4 | Not much safe to EA hy926 cells;
mg/mL: 42.66% toxic at 0.4 mg'ml concentration,
viability: 41.61% and at 0.1 mg'mL
Rheod Viability for EAhy926 cells at 0.4
mgml.: 78.15%
Viability for A5S49 cells at 04
mg'mL: 66.54%
Trf-DOX Viability for EAhy926 cells at 0.4

Co;0,@CND hybrid NPs only — no

conjugation

Viability for EAhy926 cells at 0.4

mg/ml.: 65.02%

Viability for A349 cells at 04
mg'ml: 76.31%

DOX only -no conjugation

WViability for EAhy926 cells at 0.4

mg/ml.: 38.25%

Viability for AS549 cells at 04
mg'ml.: 43.16%
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